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Preface

The goal of this study was to gain some insight into the propagation
of errors through a strapdown inertial reference system as a result of

highly dynamic flight profiles. This was to be done using modern estimation

theory and stochastic models of state-of-the-art sensors. Since a simu-

lation package was not available to achieve this objective, a generalized

simulation program, SOFE, was used as a basis to develop the desired
software package.

A large portion of this thesis was directed toward implementing

and validating the software required to perform the error analysis. It

is my belief that credible results can be achieved only when painstaking

effort is used in setting up the problem.

I would like to thank my thesis advisor, Dr Peter S. Maybeck, for
hi; enthusiastic help throughout this study. Also, the well documented
soffqare and generous assistance provided by Stanton H. Musick of the

N\

Air Fo?;g Avionics Laboratory was of great berefit and made this task

consideréﬁQy easier. Finally, I sincerely thank my wife, Elaine, for

her excellent typing and patient endurance.
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‘ - o | Abstract

‘;;This study uses a computer simulation of a strapdown laser gyro
inertial reference system to analyze the errors generated as a result
of highly dynamic flight profiles. A stochastic error model using state-
of-the-art inertial sensors is developed in detail and implemented in
software. SOFE, a generalized simulation program, wa§ used to implement
both a Monte Carlo simulation and a covariance analysis. The Monte Carlo
method was selected to perform the error analysis.

Two highly dynamic flight trajectories were developed using the
flight protile generator, PROFGEN. The PROFGEN program itself was modified
to include an aircraft roll time constant and a roll-only maneuver. The
erru;s generated in the inertial reference system as a result of these

flight trajectories were investigated. Both an error budget and an analysis

b g

of the maneuvers inducing these errors were accomplished.
Gyro error sources induced the most system error and coupled the
- , dynamics of the flight trajectory into the variations of the error. Misa-
lignment was found to be the major cause of both the accelerometer and
gyro induced error. Successive maneuvers were found that reinforced
system errors and other maneuvers were found that canceiled these errors.
Also, some cases were found where the amount of system error varied with

a change in headingyd_~
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SENSITIVITY STUDY OF STRAPDOWN INERTIAL
SENSORS IN HIGH PERFORMANCE APPLICATIONS

I. Introduction

Background

Strapdown inertial reference systems eliminate many of the hechan-
ica) complexities of gimbaled systems since they have fewer moving parts.
This leads to smaller components, improved reliability, easier mainten-
ance, and less cost. But, these systems also have some disadvantages.

In a strapdown system the gyros and accelerometers are mounted
(through vibration dampers) directly to the airframe. The gyvros supply
angular velocity erectly to the navigation computer. The computer, in
turn, uses the anéular information to resolve the direction of the sensed
acceleration. This additional computation is not present in a gimbaled
system, since these systems use the gyros directly to maintain the accel-
erometers in a known orientation. However, increased computational re-
quirements are no longer a serious drawback considering the current
availability of low cost minicomputers.

A factor of greater concern in a strapdown reference system is
that the inertfal sensors are subjected to a more dynamic environment
than sensors in a gimbaled system. This 1s especfally true in high per-
formance fighter ajrcraft. The gyros and accelerometers are subjected
to both the faster dynamics of aircraft attitude changes and motion over

a wider dynamic range: not only must they withstand a harsher enviro-

ment, they must provide precise outputs over vastly differing regimes.
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The development of the ring laser gyro has enhanced interest in

strapdown inertial reference systems. This type of gyro measures rota-

- tion by detecting differences in the frequency of 1ight travelling in

opposite directions within a rotating cavity and is essentially a solid
state device (Ref 1). Since it has no moving parts, it is not suscep-
tible to acceleration-induced errors and is well suited to the highly
dynamic enviroment of a strapdown system. Its mechanical simp1iqity
also makes it adaptable to mass production techniques which can lead to

lower acguisition costs.

Problem

Present strapdown ring laser gyro sfrapdown reference systems pro-
vide acceptable accuracy in the relatively benign environment of trans-
port or commercial aircraft. However, these systems do not provide the
desired accuracy when used in a highly dynamic environment such as that
of a modern air superiority fighter aircraft.

One of the first steps in refining the accuracy of a strapdown
system is to develop a full understanding of the propagation of sensor
errors through the system. The problem undertaken in this study will
be to develop a computer simulation of a state-of-the-art strapdown
inertial reference system followed by an analysis of the impact of
individual sensor errors upon overall system errors. Highly dynamic
flight profiles will be used to generate the inertial reference system
errors.

A deterministic analysis of the effects of sensor errors on strap-
down inertial reference system performance was accomplished in a pre-
vious thesis by Lt Richard H. Reynolds (Ref 14). Although this deter-

ministic approach provides valuable baseline information, it does not
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accurately portray the uncertainties in the system model, nor does it
account for uncertain initial conditions and noise-corrupted inputs.
The probabilistic approach undertaken here utilizes stochastic
models to account for uncertainties in the inertial reference system.
Stochastic process and modern estimation theories will also be used to
characterize the initial conditicns, forcing functions, and the result-

ing system outputs.

" Scope

The focus of this study will be to identify the relative effect
of each error source on the overall system error. Also, the severity
of errors induced by specific flight profiles will be investigated so
that maneuvers that degrade performance can be identified.

Error models characterizing the dominant sources of errors of
state-of-the-art inertial sensors will be used in the simulation. The
Bell Model XI accelerometer (Ref 5) was chosen for this application be-
cause of its wide use in current high-accuracy inertial reference sys-
tems, while the Honeywell GG1342 ring laser gyro was chosen because it
is currently available and has been flight tested in the A-7E using
highly dynamic flight profiles.

Flight profiles will be generated based upon the performance char-
acteristics of an F15 aircraft. In its air superiority role, the F15
represents the most dynamic environmeni that an aircraft inertial sys-
tem currently encounters.

Development

The initial portion of this study entails thé'development of the

software and models to perform the error analysis. First, a set of

error differential equations for a ring laser gyro strapdown inertial
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reference system will be developed based upon the general formulation
used by Widnall and Grundy (Ref 17). These equations will then be
implemented in a digital simulation program called SOFE (Ref 12). SOFE
will be used to generate statistics by the methods of Monte Carlo simula-
tion and also by ccvariance propagation for the linearized error equa-
tion model of the strap-down inertial reference system.

In addition, two supporting computer programs, a flight profile
generator, PROFGEN (Ref 11), and a post processor for generating sample
statistics and plots, SOFEPL (Ref 6), will be used in conjunction with
the basic simulation program.

Validation of the implementation of the basic error differential
equations will be accomplished by duplicating error standard deviation
plots shown in Reference 17 for a simpler mcdel. Further validation of
the complete augmented state equations will be accomplished by comparing
the results of the two different approaches, the Monte Carlo simulation
and the covariance analysis.

Representative F15 flight profiles will then be developed, followed
by an analysis of the errors generated in the strapdown system as a re-
sult of the highly dynamic profiles. 1In addition to determining the
error budget for each flight profile, the sources of system error induced

by specific high dynamic maneuvers will be sought.
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II. Error Model Development

Basic Error Differential Equations

In order to analyze the performance of a reference system using
modern linear estimation theory, a stochastic system error model is
often expressed in the form of linearized first order differential

equations. These equations are of the form

x=Fx+Bu+w (1)
where 1
F = Fundamental Matrix !
B = Control Input Matrix 5
x = Error State Vector '
u = Deterministic Forcing Function
w = White Gaussian Driving Noise
i

Britting showed that the same basic equations could be used for
both gimbaled and strapdown systems (Ref 4). These consist of a

system-independent nine-by-nine matrix Pinson error model (Ref 13)

augmented by system-dependent error forcing functions. The first threext\\
states represent errors in position, states four through six are veloc- '
ity errors, and states seven through nine are tilt errors. These states
are defined in Table 1. The nine-by-nine matrix for the Pinson model

is shown in Figure 1 with corresponding notation shown in Table 2,
Widnall and Grundy developed first order error equations for a strap-

down reference system in this fashion (Ref 17), so many of their results

will be applied in the development of the model used here.
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: State Meaning Units

%

: %x(1) Error in east 1ongitude radians

% x(2) Error in north latitude radians

% x(3) Error in altitude feet

% ¢ x(4) Error in east velocity ft/sec

g x(5) Error in north velocity ft/sec

g ., x(6) Error in vertical velocity ft/sec

g ; x{7) Attitude error east component radians
| . x(8) Attitude error north component radians

g x(9) Attitude error up component radians

!

Table 1. States of the Nine Dimensional Pinson Error Model
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Symbol and Value

Meaning

L

Q = 7.2921151x10"° rad/sec
'R = 20925640 ft
!g = 32.0881576
tve, Vor Y,

;fe, fn, fu

Q, = Qcosl
'Qu = QsinL

P = -vn/R 1
Py = Ve/R [
Py = (vetanL)/R J
Ye * Pe ‘
IR ¢
Oy =Py TRy

Kz = vu/R ‘
Foo-

42 2(ann AV )
2

+ pnvn/cos L

43 = PPe * Ppk,

4 " -petanL - Kz

2

52 ° -Zane - pnve/cos
53 © Ppfy ~ peKz

g3 = 29/R - (pn2 +p

- n ol - al
h

2
e )

F

92 = “, + putanL

Latitude

Earth Rotation Rate

Radius of Earth

Magnitude of gravity vector
Vel. in local nav frame (e,n,u)
Specific Force in nav frame
North Component of Earth Rate

Up Component of Earth Rate

Components of Angular Velocity of Nav

Frame with respect to Earth

Components of Angular Velocity of Nav

Frame with respect to Inertial Space

Table 2. Notation used in Figures 1 and 4
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Coordinate Systems

The basic Pinson error model is often implemented in an east-
north-up (e,n,u) navigation coordinate frame. However, the gyro and
accelerometer sensitive axes are assumed to be nominally aligned along
the axes of an aircraft body frame orientated in a nose, right-wing,l
down (x,y,z) direction. Therefore, it will be necessary to transform
the sensor noises derived in the body frame to the navigation frame
prior to using them as a driving force for the basic error differential

equations. Using the notation

‘Roll Euler Angle

¢:
8 = Pitch Euler Angle
v = Yaw Euler Angle

and referring to Figure 2, the transformation from the body frame to

the navigation frame, Cg, is
cex Cey Cez
n_
Co = [Cnx cny Chz (2)
Cux Cuy cuz
where
Cex = sinycos®
Cnx = cosycos®
Cux = 5in@
Cey = sinPsinBsing + cosVcosd
cny = cosysinBsing - sinpcosd

o
et e




At

Not2: Origin of body frame is displaced from that of the

n

navigation frame for clarity. They are actually

coincident at the aircraft center of mass.

Figure 2. Body and Navigation Coordinate Frames
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Cuy = -cos6sing
Cez = -cosPsind + sinpsindcose
an = cosysinBcosd + sinpsind
Cuz = -cosBcosd

In addition to the above transformation, the output of the
flight profile generator, PROFGEN, will also have to be transformed
to the navigation and body frames. The necessary transformation from

the PROFGEN frame to the navigation frame used here, C", is

P
0-1 0

c;=1oo (3)
001

This transformation is done implicitly in the simulation by equating
the west componcnts of PROFGEN's output to the respective negative east
components in the error model,

After transforming to the proper navigation frame, both specific
force and angular velocity must also be transformed to the body frame.
This transformation is the inverse of that given in Equation (2) and

is defined as

T
X cxe an Cxu Cex cey Cez

Cn ® Cye Cyn Cyu * |Chx cny cnz (4)
Cze czn Czu Cux cuy Cuz

Altitude Channel Mechanization

Since a three-accelerometer reference system will be used, and
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the vertical channel of an unaided inertial reference system is in-

herently unstable, external aiding will be used in the vertical com-
putations. (Ref 17:13) To minimize the vertical error, a barometric
altimeter input will be implemented in a third order feedback loop.

The error aiding equations used here are

uh = "K] (Gh = Ghref) (5)
Uyy ~ ‘Kz(5“ - 6href) (6)
3a = Ky(8h = 8h ) (7)

where

u, = rate of correction of indicated altitude

Uy ~ rate of correction of vertical vel. error

8h = indicated altitude error, State x(3)
Ghref = barometric altitude error
8a = difference of integral of indicated and
barometric altitude, used as an additional

state, x(10)

Equations (5) and (6) are used as additional driving forces for

the differential equations of states x(3) and x(6) respectively, and

Equation (7) is added to the system as an additional state, x(10). The

altitude channel equations, including these aiding equations, then

become
%(3) = x(6) - K (x(6) - &h_ c) (8)
x(6) = -20, v x(2) + Feax(3) = Ky(x(3) = 6h ()
+&%M4)-2%xw)-‘%x0)+f}M8)-xUO) (9)
x(10) = Ky(x(3) - 6h ) (10)
12
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The value of the gains K], K2. and K3 have been arbitrarily
chosen so that the charcateristic equation of the baro;altitude loop

has a triple pole at s = -.01] sec'] which prcvides stable feedback in

a loop with a time constant of about 100 seconds. Such a design was

used in the Litton CAINS inertial navigator (Ref 17:16). These va'ues

are

~<
"

p 53X 1072 sec”!

NS~

3 x 1074 sec?

e
L]

-6 -3
3 1 x 10" sec

The results of using these gaine will be discussed in the

verification section to follow.

Gyro Error Model

The Honeywell GG1342 ring laser gyro was chosen as a represent-

ative state-of-the-art gyro to be used in this simulation. It is a

0.63 micron (visible red) wavelength gyro with a 34.5 centimeter path

length and uses body dither for lock-in compensation. Mechanical

dithering is accomplished by piezoelectric transducers oscillating the

tasing block through a small angle to minimize dwell time in the lock-

in zone. As the block passes through lock-in a residual error, random

rate noise, is introduced which should be accounted for in the devel-

opment of the error model.

This type of gyro was recently flight tested by the Navai Afr

Development Center in the A-7E aircraft., Benign manecuvers as well as

afr-to-air combat maneuvers were performed during these tests. Results

showed a median of an ensemble of radial position error rates of less

than 0.75 nautical miles per hour could be achieved using only a six
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minute alignment. Ground tests showed that the six minute alignment
produced an RMS alignment error in azimuth of 3.75 arc min (Ref 2).

For the investigation undertaken here, one of these gyros will
be assumed to be nominally aligned along each of the pitch, roll, and
yaw axis of the aircraft. This is a simplification for analysis
purposes. In general, a better gyro is used for the roll axis, or the
greater dynamic range of the y0ll axis is distributed by canting the
input axes of the gyros in relation to the roll axis. The performance
characteristics assumed for each gyro are listed in Table 3.

Bias stability, scale factor stability, and input axis orthogon-
ality errors will be achieved in the simulation by augmenting the basic
ten-by-ten error model with additional states. These states will be

cerived from differential equations of the form
x =0 (11)

That is, they will be modelled as random biases, and obtained as the
output of integrators with no input, but with an initial condition
modelled as a Gaussian random variable based upon the given standard
deviations (Ref 8).

Random drift of the laser gyro will be modelled as a white
“.ussian noise driving the attitude tilt error states of the Pinson
error model.

In addition to the error model characteristics shown in Table 3,
a scale factor nonlinearity typical of all dithered laser gyros (Ref 1)

will be inserted in the model. A describing function for this non-

" linearity was obtained from Dr. Jack W. Bell of the Air Force Avionics

Laboratory (Ref 3) as
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Error Source Standard Deviation
Bias Stability 0.008 deg/hr
Random Drift 0.002 deg/vhr

Scale Factor Stability 5 PPM

Inou* Axis Misalignment 25 urad

Table 3. GG1342 Laser Gyro Performance Characteristics

2
GSFy,q = 6SF;, + A - Blu| +C (12)

where

GSF = Gyro Scale Factor (GSFin is nominally 131328.387)

w = Input Axis Angular Velocity in deg/sec
A = 19.444 x 1073 (pu]ses/rad)(sec/deg)2

B = 4,277777 (pulses/rad)(sec/deg)

C = 217.78622 pulses/rad

The describing function is valid for the reaion
80 deg/sec < |w| < 140 deg/sec

and is based upon a nominal scale factor of 131328.387 pulses/rad.
Qutside the above region of application the scaling is assumed to be
linear. The error contribution of this describing function is plotted
in Figure 3.

To convert this function so that it may be applied to the error
model used here 1t is necessary.to divide through by the nominal

scale factor and convert the region of application from deg/sec to

15
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adtiy

Output (pulses)

320895.78 }-—-_-._ - -

183369.02 ———---

N,

~ 34,2 pulses

[0 o 2 S
b g

=

Py

--~-} =183369.02

"_{ -~320895.78

0 Input (deg/cec)

Pigure 3.

Scale Factor Nonlinearity (Nominal Scale Factor

- 131328, 387 pulses/rad)
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rad/sec. This results in the function

2 '
GSF,,¢ = GSFy, + A'a” - B'[a] + C' (13)
where
GSF = Gyro Scale Factor (GSFin is nominally 1)
o = Input Axis Angular Velocity in rad/sec
A' = 4.86039 x 1072 (sec/rad)2
B' = 1.8663 x 10™° sec/rad
C' = 1.65833 x 1073

This function is valid in the region
1.3963 rad/sec < Jw| < 2.4435 rad/sec

The contribution of the scale factor nonlinearity to the overall
scale factor error is shown in Table 4 for selected input rates.
Although Figure 3 does represent the form of t'.e nonlinearity described
in Reference 1, the magnitude of the error cuntribution shown in the
third column of Table 4 appears to be high. Scale factor linearities
for three Honeywell GG1342 gyros discussed in Reference 2 are given as
3.1, 2.5, and 1.1 PPM. Based on these figures, the describing function
for the nonlinearity given in Equation (13) will be scaled down such
that its maximum value will be equal to the midvalue, 2.5 PPM. This
reduced error contribution fs shown in the fourth column of Table 4.
The effect of this and alternative choices will be shown in the sub-

sequent validation section.
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Pl

Error Source Standard Deviation
Bias
Repeatability 10 ug
White Noise 5 nugv/sec
Correlated Noise (v = 60 sec) 7 ug

Scale Factor

Stabitlity 15 PPM
Quadratic 0.09 ug/g2
Cross Axes 0.20 u9/92
Cubic 0.0007 ua/g>
Orthogonality 10 arc sec

Gain Change Stability
Bias 10 ug
Scale Factor 5 PPM

Table 5. Bell Model XI Accelerometer Error Model

Accelerometer Error Model

Although the Systron Donner accelerometer is currently used in
the Honeywell ring laser gyro navigator (RLGN), the Bell Model XI
acce1erométer was chosen for this study because of its better and more
state-of-the-art performance characteristics. The Bell Model XI
accelerometer is a single axis, pendulous proofmass, force rebalance
device which uses a capacative bridge pickoff to detect specific
force. The parameters for the basic error model for this accelerometer
are shown in Table 5. Long term errors, temperature compensation

errors, and errors induced from a specific onboard computer implementat-

19
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i ion were not considered in this model. It is assumed that temperature
compensation and computer processing will be designed such that the
dominant short term errors will be those listed in Table 5.
Bias stability will be modeled as a random constant with a
standard deviation based upon the RMS value of the two terms given in

the table

J10ug)Z + (10u9)° = 14.14 pg = 4.55376 x 10°% ft/sec? (14)

This value will be the basis of the random initial condition of an
undriven integrator used to generate the random constant.

The white Gaussian noise given in the model will directly drive
the difrerential equations for the three velocity states in the basic
Pinson error model. Transformation from the body frame to the nav-
igation frame is not necessary because the strength of the noise is the
same for all three axes. Since the noise is spherically distributed,

a rotation of the reference frame still results in the same statistical
characteristics for the noise driving each axis.

The correlated noise bias will be modeled as a stationary first
order Gauss-Markov process (Ref 8:183). That is, the differential
equation for the state will be that of a first order lag driven by

white Gaussfan noise of strength Q where

9 3

Q= 202/1 = 2(7ug)2/(605ec) = 1,6935 x 10~ ftzlsec

(15)

The remaining error sources will be modeled as random constants.
- The scale factor stability terms will be combined to obtain a standard

t ( deviation of
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/(15 PPM)Z + (5 PPM)% = 1.5811388 x 1070 (16)

The placard acceleration limit for the F15 is 7.5 g. This value
was used to determine the relative contribution of each error source
with the acceleration applied both along the input axis and 45 degrees
between axes. The equation used to calculate indicated acceleration,

Ai’ is

- 2 2 2
Ai = Kb + Kiai + Kiiai + Kppap + Kooao (17)
+ Kipaiap + Kioaiao + Kpoapa0

3 3 3
+'Kiiiai * Kpppap * Kaoo%o

where

25,853 = acceleration along input, pendulous
or output axis
Kb = bias coefficient

Ki = scale factor coefficient

Kii’Kpp’Koo = quadratic nonlinearity coefficients
Kio’Kpo’Kip = cross axis nonlinearity coeff1c1ents
Kiii’Kooo'Kppp = cubic nonlinearity coefficients

As shown in Table 6, the contribution of the cubic error is an order of
magnitude less than the other error sources. Thus, it will not be in-
cluded in the error model used in this simulation.

Therefore, for the accelerometers to be modeled, eleven addition-
al states will be added to the basic error model for each accelerometer.
One state will generate correlated noifse, while ten states will rep-

resent random constants.
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Error (ug) 7.5 g Along Input Axis | 7.5¢ 45o between axes
Bias 14.14 14.14
Scale Factor 118,5854 83.8525
Quadratic 5.0625 2.53
Cross Axes 0.0 5.625
LCubic 0.295 0.1044

Table 6. Contribution of Accelerometer Error Sources

Gravity Error Model

The gravity error model consists of local variations of the grav-
ity vector which are not normally compensated for in inertial reference
systems. Both gravity deflections and gravity anomaly are modeled as
first order Gauss-Markov processes with the correlation time derived
from the vehicle speed and spatial correlation distance (Ref 17). This

is shown by

(18)

e
1}

'
&)L(
+
=

where

v = Vehicle Ground Speed

d = Correlation Distance

x = Error State

w = White Noise of Strength Q
Q = 20%v/d

The gravity variation model given in Keference 17 for the western
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Gravity Error : Standard Deviation I Distance
| East-West Deflection 26 ug 10 nm
North-South Deflection 17 ug 10 nm
LAnomaly 35 ug | 60 nm

Table 7. Model for Gravity Variations (Ref 17)

United States is shown in Table 7.

Barometric Altimeter Error Model

The barometric altimeter is used in this simulation to stabilize
the vertical velocity and altitude. Two sources of error will be
modeled, the scale factor error due to nonstandard temperature and the
error due to the variation in altitude of a constant pressure surface.

The nonstandard temperature error will be modeled as a random
constant with a standard deviation of 0.03, The variation of the
pressure surface will be modeled as a spatial first order Gauss-Markov
process with a correlation distance of 250 nm and a standard deviation
of 500 feet (Ref 17).

Complete Truth Model

The complete truth model of the errors for the strapdown inertial

reference system consists of 60 error states basically of the form
X=Fx+w (19)

Each of these states, x, are defined in Table 8. The fundamental
matrix, £, for the truth model is shown in Figure 4 with an explanation
of its entries in Tables 2 and 9. The strengths of driving white
Gaussian noise terms, w, are given in Table 10,
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State

Meaning 9
Basic Altitude Damped INS
x(1) Error in East Longitude 5.7735 x 1072 arc min
x(2) Error in North Latitude 5.7735 x 1072 arc min
x(3) Error in Altitude Equation (21)
x(4) Error in East Velocity 1 ft/sec
x({5) Error in North Velocity 1 ft/sec
x(6) Error in Vertical Velocity 0.1 ft/sec
x(7) Attitude Error East Component Equation (23)
x(8) Attitude Error North Component ! Fquation (25)
x(9) Attitude Error Up Component ' Equation (27)
x(10) Altitude Stabilization Error Equation (29)
Gyro Error States

x(11) x Gyro Bias 0.008 deg/hr
x(12) y Gyro Bias 0.008 der/hr
x(13) z Gyro Bias 0.008 deg/hr
x(14) x Gyro Scale Factor Error 5 PPM
x(15) y Gyro Scale Factor Error 5 PPM
x(16) z Gyro Scale Factor Error 5 PPM
x(17) x Gyro Misalign about y 25 urad
x{18) x Gyro Misalign about 2z 25 urad
x{19) y Gyro Misalign about x 25 urad
x(20) y Gyro Misalign about z 25 vrad

Table 8. Error States and Initial Standard Deviations
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State Meaning 9% %
x(21) | z Gyro Misalign about x ! 25 urad g
- x(22) | 2 Gyro Misalign about y 25 urad %
Accelerometer Error States %
x(23) x Accelerometer Bias ; 14.14 ug §
} x(24) y Accelerometer Bias | 14.14 ug %
x(25) z Accelerometer Bias 14.14 ug g'
x(26) x Accel, Correlated Noise 7 ug ‘
x{27) y Accel. Correlated Noise 7 49 i
x(28) 2 Accel. Correlated Noise 7 ug %
x(29) x Accel. Input Quadratic 0.09 ug/g2
i x(30) y Accel. x Cross Quadratic 0.09 pg/gz
x(31) 2 Accel, x Cross Quadratic 0.09 ug/g2
x(32) x Accel. y Cross Quadratic 0.09 pg/g2
x{33) y Accel. Input Quadratic 0.09 ug/g2
' x(34) 2 Accel. y Cross Quadratic 0.09 ug/g2
x(35) x Accel. z Cross Quadratic 0.09 ug/g2
x(36) y Accel. z Cross Quadratic 0.09 ug/g2
x(37) | =z Accel, Input Quadratic 0.09 ug/g2 }
i x(38) x Accel. x, y Cross Scale Factor | 0.2 ug/g2 ! |
é x(39) y Accel. x, y Cross Scale Factor | 0.2 ug/g2 |
j x(40) z Accel. x, y Cross Scale Factor | 0.2 ug/g2
- U

Table 8. (continued)
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State Meaning 9
x(41) i x Accel., x, z Cross Scale Factor ; 0.2 pg/g-2
x(42) : y Accel. x, z Cross Scale Factor | 0.2 pg/g2
x(43) z Accel. x, z Cross Scale Factor | 0.2 ug/g2
x(44) |  x Accel. y, z Cross Scale Factor | 0.2 ug/g2
x(45) ‘ y Accel. y, z Cross Scale Factor ; 0.2 ug/92
x(46) % z Accer. y, z Cross Scale Factor | 0.2 ug/g2
x(47) | x Accelerometer Scale Factor 15 PPM
x(48) ! y Accelerometer Scale Factor 15 PPM
x(49) ! z Accelerometer Scale Factor 15 PPM
x(50) ' x Accel. Misalign about y 10 arc sec
x(51) | x Accel. Misalign about z 10 arc sec
x(52) ! y Accel. Misalign about x 10 arc sec
x(53) y Accel. Misalign about z 10 arc sec

l x(54) z Accel. Misalign about x 10 arc sec
x(55) z Accel. Misalign about y 10 arc sec
| Altimeter Error States
: x{56) Barometric Pressure Error 0.03
v x(57) Barometric Scale Factor Errcr 500 ft
l Gravity Model Error State
x(58) East Deflection of Gravity 26 ug
x(59) North Deflection of Gravity 17 ug
x(60) Gravity Anomaly 35 ug.
Table 8. (continued)
26
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Figure 4a, F Matrix for a 60 State Inertial Reference System Truth

Model in the Form of
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56 57 58 59 60
3 Ky Kh 0 0 0}3
4 0 0 10 014
5 0 0 01 0}5
6 K, th 0 0 16
7 0 0 00 017
8 0 6 00 08
9 | 0 0 00 01!9
]0L-K3 -K3h 0 0 0110
! 56 57 58 59 60
Figure 4g. Matrix F6
1 12 13 14 15 16
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Figure 4h. Matrix F7
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Figure 4i. Matrix F8
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26 27 28
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27 0 -, O 27
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- 26 27 28
Figure 4j. Matrix Fg (r;=r,%t,)
55 57 58 59 60
56 |-v/d; 0 O 0 0 56
57 0 0 0 0 0 57
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591 0 0 0 -vd; O 59
60| 0 0 O 0 -v/d, | 60
56 57 58 59 60 |
Figure 4k. Matrix F10 :
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Symbol and Value

Meaning

Ky = 3 x 10'2 sec']
=3x10? sec?
Ky = 1x 1075 sec™3
fx' fy' fz
(ng wy, (A)z
h
{Cex Cey Cez
cnx Cny an
cux uy cuz
LA 60 sec
T, T 60 sec
13 = 60 sec
v = Vvez + vn2
d] = 250 nm
d2 = 10 nm
d3 = 10 nm
d4 = 60 nm

Gains for Altitude Channel

Aiding Equations

Specific Force in Body Frame
Angular Rate in Body Frame

Altitude
n

Cb, the Transformation from the

Body frame to the Nav Frame

Accelerometer Correlation

Times

Ground Speed

Accelerometer Correlation Distance

Correlation Distances

for Gravity Model

Table 9. Notation used in Figure 4.

(See Table 2 for notation used in Figure 4b)
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Element Noise Source fStandard Deviation
w(4) Accelerometer White Noise 5 ugr/sec
w(5) Accelerometer White Noise 5 ug/sec
w(6) Accelerometer White Noise 5 ug/sec
w(7) Gyro Random Orift 0.002 deg/Yhr
w(8) Gyro Random Drift 0.002 deg//hr
w(9) | Gyro Random Drift i 0.002 deg//hr
w(27) x Accelerometer Correlated Noise /@(7ug)2/(605ec)
w(28) |y Accelerometer Correlated Noise /@(7ug)2/(605ec)
| i
w(29) z Accelerometer Correlated Noise | /2(7ug)"/(60sec)
. // 7
w(56) Barometric Pressure 2(0.03) v/ (250nm)
w(58) East Deflection of Gravity /E}fﬁug)z;/(IOnm)
. Jot 2
w(59) North Deflection of Gravity 2{(37ug)“v/ (10nm)
w(60) Gravity Anomaly /Egésug)zv/(GOnm)
Table 10. Standard Deviations of the Non-zero Elements of tH;~

Diagonal Q Matrix for Driving Noise w where

E(w(t)w(t + T)T} = Q8(t)
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Initial Conditions

The initial conditions for the first ten states will be based
upon a ground alignment at a random aligrment heading. It will also be
assumed that the baro-inertial vertical channel has already reached a
steady state condition.

Initial longitude and latitude error, x(])o and x(2)0 will be
based upon the accuracy of the input data available from the pilot. It
is assumed that data can be entered through the inertial reference
system's control panel to within £0.1 arc min., The standard deviation

for this uniformly distributed random variable, 94y is
o, = (0.2 arc min)/Y12 = 5.7735 x 1072 arc min (20)

For eacn run of the Monte Carlo simulation, a random sample of x(1)°
and x(2)0 will be approximated by a Gaussian distributed variable based
upon the standard deviation given in Equation (20).

The initicl altitude error, x(3)o, will be used to minimize the
start-up transient response of the baro-inertial loop by offsetting
initial barometric altimeter errors. The relationship between these

variables is given in the third row ot the fundamental matrix in

Figure 4 as
0= -K]x(3)0 + K]x(56)o + K]x(57)oh
or
x(3)O = x(56)o + x(57)°h (21)

Values that are typically obtained from a ground alignment will

be used to specify the initial standard deviations of the east (0(4)0),
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north (0(5)0), and up (0(6)0) velocities. The values used in Reference

17 are
o(a)o =1 ft/sec
0(5)o = 1 ft/sec
0(6)0 = 0.1 ft/sec

East and north attitude errors, x(7)0 and x(8)o, depend upon in-
itial accelerometer and gravity errors. ODuring alignment, the trans-
formation matrix from the platform reference frame (the body frame in
this case) to the navigation frame will be rotated into alignment with
the sensed gravity vector. This results in initial attitude errors that
correspond ¢, errors in the sensed gravity vector. The contribution of
each sensor to the system error depends upon the alignment heading of

the aircraft.

The relationship between initial east tilt error, x(7)o. and
acceleration errors can be derived fror. row five of the fundamental
matrix shown in Figure 4. With the aircraft at rest, the terms of

interest are

0 = x(7)f, + (x(23), + x(26) + x(35) f f, - x(50) f,)C

+ (x(za)o + x(27)° + x(36)ofzfz + x(SZ)OfZ)Cny + x(59)o (22)
but fu = -fz = g, and assuming alignment at a random heading wR we have

x(7)O = -(x(23)o/g + x(26)°/g + x(35)og + x(50)o)cos¢R
+(x(24) /9 + x(27) /9 + x(36) g - x(52) )simy,
- x(59)0/g [23)

Similarly, the fourth row of the fundémental matrix provides the
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relationship for initial north tilt errors

0= - x(8)of, + (x(28) ) + x(27) ) + x(36) f,f, + x(52) f )C,

+(x(23)0 +x(26)o + x(35)°fzfz - x(SO)OfZ)Cex + x(58) (24)

Using the same substitution as in Equation (23) results in

x(8), = (x(28) /9 + x(27) /g + x(36) 9 - x(52) )cosyp
(x(23),/9 + x(26) /9 + x(38) 9 + x(50) )sinyp

x(58) /9 (25)

<+

+

East gyro errors will cause an initial azimuth error since a
ground alignment seeks to null east angular velocity. From the compon-
ents of the east tilt rate differential equation, row seven in the

fundamental matrix shown in Figure 4, the relationship is found to be

0 = x(8) @, - X(9),
+ (x(1) + x(18) g + x(17) @, - x(18) o )C,

+ (x(12)o + X(ls)d”y - x(19)owz + x(zo)d”x)cey (26)

Since the aircraft is at rest and aligned at a random heading

g = w =
u z u
=Q
wx ncoswR
w = -9 s5i
y n51an

Substituting these values into Equation (26) gives

x(9), = (x(8) g, + (x(11), + x(14) 8 cosyp

x(17)oﬂu + x(18)onnsin¢R)sin¢R

+

(x('|2)o - x(ls)oﬂnsian + x(lg)dnu

-+

x(zo)oﬂncosz)cosz)/gn (27)
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The initial value of the azimuth error shown in Equation (27) will
apply for longer alignment times (6 minutes or longef). An additional
Gaussian sample based on a standard deviation of 3 arc min will be add-
ed to Equation (27) to simulate a shorter alignment period (approxi-
mately 3 ﬁinutes). These values correspond to RMS azimuth errors
compiled for alignments during the A-7E flight tests (Ref 2).

The random alignment heading, Yoo will be realized at the start
of each Monte Carlo run by approximating the heading's uniform dist-
ribution from -m to n by a Gaussian distribution with a standard dev-

fation, s of

IR = 2n//12 = 1.8137993 rad

Although the Gaussian dic<tribution will result in a north bias, this
type of randcm variable generator was used because it is included in the
basic simulation program, SOFE. Use of it will introduce the desired
vari 1. into aircraft heading during alignment, and will reflect the
fact the aircraft are not normally parked in an entirely random fashion.
It is assumed that the vertical channel is in steady state; there-
fore the initial value of state x(10), the integral of the difference
between computed and barometric altitude, will be set to compensate for
initial vertical velocity errors. The relationship between these

variables can be obtained from the sixth row of the fundamental matrix

0= x(3) F - x(]O) + (x(25) + x(28) + x(37)°fzfZ

+ x(49)ofz uz KZ(X - x( 56) (57)0h) + x(60)o (28)

but initially
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x(3)o

f:Z

x(56), + x(57) h

-9

cuz = -]

F63 = 29/R

1]

Substituting these relationships into Equation (28) results in

~x(10) = x(3) 20/R - x(25) - x(28), - x(37)og2
+ x(49)og + x(60)0
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III. Software

The primary program used in this study is a generalized digital
simulation program developed by the Air Force Avionics Laboratory
called SOFE (Ref 12). Two additional programs used in conjunction with
SOFE are a flight profile generator called PROFGEN (Ref 11) and a post-
processor called SOFEPL (Ref 6).
SOFE
This section will show how SOFE was implemented for this simula-
tion. Refer to Appendix A for a brief discussion of the program itself.
Normally SOFE is used to implement both a complete truth model and a re-
duced order Kalman filter model. However, SOFE was used here with the
order of the filter model equal to the truth model. No measurements are
provided to the filter mocdel so that its compuled covariance is the un-
conditional state covariance. ]
The truth model is propagated through many runs and is used as the
basis of a Monte Carlo simulation where data is accumulated such that
the standard deviation of the error states can be calculated. The filter
model 1s propagated through one run and used as the basis of a covari-
ance analysis. Here, the équare roots of the diagonal elements of the 7
covariance matrix are computed for comparison to the standard deviations %
cenerated by the truth model and Monte Carlo sample statistics genera- %

tion.

In a subsequent validation section of this study, the results of
both a Monte Carlo simulation and a covariance analysis for a strapdown
jnertial reference system will be compared. Based on this comparison, 3
the Monte Carlo simulation method was chosen to accomplish the error :

analysis since it required less time. A second reason for using a Monte
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Carlo simulation is that the scale factor non]inéarify for the lasér.
gyro can be implemented more directly than in a covariance analysis.

The subroutines and data for SOFE that implement the truth model
of error state equations developed in the previous section are listed in
Appendix B, Although a subroutine, TRAJ, is available in SOFE for pro-
gramming of trajectory data, an external flight profile generator,

PROFGEN, was used to simplify programming and enhance versatility in

developing trajectories.

PROFGEN

A discription of PROFGEN is included in Appendix C. PROFGEN was
programmed to construct an F4 flight profile during the development of
the simulation package, followed by construction of two basic F15 flight
profiles for use in the error analysis. The F4 flight profile was devei-
oped and is currently used by the Air Force Avionics Laboratory, while
the F15 flight profiles were developed for this study and will be dis-
cussed in a subsequent section.

The output variables of PROFGEN that drive the simulation program
are listed in Table 11. PROFGEN uses a north-west-up navigation frame
which is implicitly transformed to the east-north-up frame used here by
equating the corresponding components of each vector.

Several of PROFGEN's output variables require transformations prior
to being used as driving functions in the error model. Specific force

b
is transformed to the body frame from the navigation frame using Cn from

Equation (4) as shown in

fx Cxe an CXU fe
fy - C‘Ye cyn Cyu fn (30)
fz Cze czn Czu fu

41

i! MﬁgNmW;,,;‘,;,wwrwmWwwmmw‘ sl




S

oy | e

b3 Sl N Ll e

i
I
|
!
!
|
}
|

g,
=
=
=1

b i

‘2 ol

! Symbol ' Meaning Units §
t Time . seconds %,
L * Latitude radians ?
1 ! Longitude radians % 1
a Heading ' radians !
; h Altitude feet
; ¢ Ro11 radians
; { 8 Pitch radians
: v Yaw radians ,
g Vo North Velocity ft/sec %
: with respect to i
' Ve Minus East Velocityl earth in the L ft/sec 2
nav frame
' Yy Up Velocity ft/sec
f Specific Force Along North Axis ft/sec2
-fe Specific Force Along West Axis ft:/sec2
fu Specific Force Along Up Axis ft/sec2 |
¢ Roll Rate | rad/sec .
8 Pitch Rate ' rad/sec
¥ Yaw Rate ? rad/sec
Table 11, PROFGEN Output
(
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Angular velocity of the body frame with respect to inertial

_space is found from the sum of the angular velocity of the navigation

frame with respect to the earth and the angular velocity of the earth

with respect to inertial space. Coordinatizing this in the body frame

results in
@y Cre Cxn Cxu “E] ¢
e | = cye Cyn Cyu w, |+ {0 (31)
“2 Cze Czn Cou qu v
using
We = -vn/R (32)
w, = ve/R + Qcosl (33)
w, = (vetanL)/R + QsinL (34)
where
R = 20925640 ft
Q = 7.2921151x1073 rad/sec
SOFEPL

SOFEPL is the post processor which is used in conjunction with
SOFE (Ref 6). This program is used to compute ensemble averages and
standard deviations of the error states. The graphics package, DISSPLA,
is used by SOFEPL to generate a plot file. Actual plots are obtained
by using the DISSPLA post processor that corresponds to the desired

output device.
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Iv. Program Validation

The error model for the strapdown inertial reference system was
developed in detail in Section II and implemented in software as des-
cribed in Section III. It remains now to verify that the error state
equations and their implementation are correct, and that the results
obtained from the simulation are accurate,

Two approaches are to be used to verify the error model. First,
the implementation of the basic Pinson error model is to be checked by
comparing plots of the error states to thcse obtained in a previously
published report (Ref 17). Then, the entire error model will be imple-
mented in two different manners, a truth model for Monte Carlo simula-
tions and a filter model for covariance computations (assuming no input
measurements, as described previously), and the results will be com-
pared. |

In addition, the number of runs required to perform a Monte Carlo
simulation will be ascertained, and the stability of the baro-inertial
altitude channel will be investigated.

Pinson Error Model Verification

The response of an unstable pure inertial reference system and a
typical stable baro-inertial system to various initial conditions was
investigated by Widnall and Grundy (Ref 17:45-53). They showed plots
of responses of an unstable system to an initial altitude error of 10 ft
and of a stable system to initial errors of 100 ft in altitude and
1 ft/sec in vertical velocity.

These results were duplicated by selecting the proper initial
conditions and setting to zero all the driving noises and noise states

in the augmented truth model leaving the basic 10 dimensional error model.
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In addition, the baro-inertial aiding gains (K], Kz, K3) were set to

zero to verify the unstable system response, Typical plots that were
obtained are shown in Figures 5 and 6. Latitude and longitude errors
resulting from an initial vertical velocity error of 1 ft/sec are plotted
over a 2 hour period. As expected, a small amplitude oscillation occurs
at the Schuler frequency.

Covariance Analysis versus Monte Carlo Simulation

Verification of the complete augmented error model, including
driving noises, was done by comparing the results of a Monte Carlo simu-
lation and a covariance analysis implemented through SOFE as described
in Appendix A. Rather than use the state-of-the-art model for the laser
gyro and accelerometer developed in Section II, error characteristics of
older generation sensors were used (Ref 7). Essentially, this results in
the same basic error equations but different initial conditions and
driving noise strengt! :. These error model values are listed in Appendix
E. The benefit of using sensors with higher noise characteristics is
that it allows for easier comparison of results and also provides a base-
line whereby the introduction of better sensors should cause improved
performance in the simulation. Another consideration in using the older
filter model is that the gyro scale factor nonlinearity error is not
addressed. in that model, thus allowing for a more meaningful comparison
of covariance computations and Monte Carlo statistics.

Both the truth model and the filter model of the strapdown inertial

reference system were driven by the same highly dynamic flight trajectory.

This flight profile was developed by the Air Force Avionics Laboratory
and simulates an F4 in combat. The system's response to the specific

profile was not considered; rather, the differences between the filter
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model and the truth model responses were compared. Plots of position,
velocity, and tilt errors resulting from a 50 run Monte Carlo simulation
using the truth model, and the covariance matrix of the filter model are
shawn in Figures 7 through 24. For the truth model plots, the dashed
Tines represent the average plus or minus one standard deviation, and
the solid line represents that ensemble average itself. The dashed lines
on the filter model plots represent the square root of the diagonal
element of the covariance matrix associated with that error state,

added to or subtracted from the assumed mean of zero.

Comparison of the plots obtained from each model shows that, al-
thougn, there are some higher frequency variations in the truth model,
the basic trends of each model are nearly identical. It is presumed
that, in the limit, as the number of Monte Carlo runs is increased, the
differences between the results obtained from the two models will vanish.
However, for the purposes of the study undertaken here, the errors pre-
sent in the 50 run Monte Carlo simulation should be entirely acceptable.
Also, after comparing the plots from each model it was concluded that
the error models had been implemented correctly since two different
methods of implementation of the same system error model produced essen-
tially the same results.

Since comparable statistics were obtained from both Monte Carlo
and covariance propagation, other factors must be weighed in the selec-
tion of one of these models to perform the error analysis. Although the
filter model requires only one run to generate the error statistics,
approximately the same amount of computer time is needed to generate a
50 run Monte Carlo simulation. .Since these run times are relatively

Jarge, a significant savings could be achieved by using the Monte Carlo
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method with fewer than 50 runs to set up the problems and obtain pre-
liminary data. Also, more information is available using the truth model
Wsince, not only standard deviations, but ensemble averages of the error
states can be computed. Finally, the nonlinear gyro scale factor error
could be implemented in a direct fashion in the truth model, but would
be difficult to account for in the covariance matrix of the filter model.
Therefore, the Monte Carlo simulation method using the truth model was
-chosen to be used in the error analysis.

Number of Monte Carlo Runs

It is desired to keep the number of Monte Carlo runs as small as
possible, but still obtain meaningful results. For problem setup and
debugging one run is sufficient, but the data generated has little value
since it is jv . ne sample from a random process. Using the same F4
trajectory as in the previous comparison, the number of HMonte Carlo runs
was decreased from 50 to 20 runs. Two of these plots, vertical velocity
and azimuth error, are shown in Figures 25 and 26. Comparing these plots,
respectively, to those in Figures 17 and 23 shows some deivations, but
major trends are still very much the same. Plots of the other error
states show even less variation between the 50 run and the 20 run simu-
lation., Therefore 20 run Monte Carlo simulations will be used for pre-
1iminary analysis with the number of simulations being increased to 50
for finer detail and final analysis.

Baro-Inertial Gains

One portion of the simulation program still remains to be investi-
gated. In the development of the baro-inertial aiding equations for the
vertical channel in Section 1I, the values of the gains K1. Kz, and K

3
were arbitrarily chosen equal to magnitudes previously used in the
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i Litton CAINS navigator (Ref 17). Referring to Figures 11 and 17, alti-

tude and vertical velocity error, it is seen these values of gain did

P

produce a stable vertival channel: the primary requirement of the baro-

metric altitude aiding.

o

It was proposed in Reference 18 that optimizing techniques could

e g —— 3 e

N

be used to determine gains such that altitude changes could be tracked
more closely. The problem encountered in applying these techniques is ]

that the gains depend upon the strengths of the noises present in the Foo

system. Therefore, the best results would be obtained by optimizing
the gains individually for each different inertial reference system. A

set of gains proposed in Reference 18 for a typical inertial reference

system is
-1
[ K] = 1.003 sec
' -3 -2
K2 = 4.17x10 ~ sec (35)
- -3
K3 = 4.39x10 6 sec

These values were inserted in the simulation and flown over the
same F4 trajectory that was used previously. Altitude and vertical vel-
ocity errors from a 50 run Monte Carlo simulation are shown in Figures
27 and 28 respectively. Comparing these to Figures 11 and 17 shows a
smaller standard deviation of the error using the gains in Equation (35). % ‘
However, the new values of gains also introduce a higher frequency com- é 1

ponent in variation of the error. This higher frequency requires a

smaller step size in the fifth order integrator that propagates the sim-
ulation and results in considerably longer computer run times. Although

QL. Figure 27 and 28 represented an improvement in the system erior, there

was no detectable difference between the corrosponding plots of the
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other error states. Therefore, in an effort to minimize computer run
time, the original gains will be used in the barco~inertial altitude
aiding equations.

State-of-the-Art Error Model

The basic structure of the inertial refereﬁce system error model
was developed and verified using older generation linear models of the
sensors. One of the objects of this was to provide a baseline such that
the improved sensors should show better error characteristics in the
simulation. To verify this assertion, the state-of-the-art errér model
developed in Section Il was driven by the same F4 trajectory used pre-
viousiy. The plots displayed in Figures 29 through 37 show that the
standard deviations of the error states are significantly less then
those in Figures 7 through 23. )

In the development of the gyro scale factor nonlinearity, the pea(
error contribution was scaled to match empirical scale factor linearity
data. The relative values of the scale factor nonlinearity and the other
errors in the model suggest that the nonlinearity is not a major source
of error. This was verified by using the same flight profile with a
linear gyro scale factor. As expected, the ensemble average of the error
states is essentually the same in each case. Since Figures 29 and 31
showed a slight tendency to deviate from a zero mean, the corresponding
plots for the linear scale factor were selected and are shown in
Figures 38 and 39. The results of not scaling down the original non-
linear describing function are shown in Figures 40 and 41. In both the

longitude and east velocity plots shown, the ensembie averages diverge

considerably from a zero mean value resulting in the nonlinearity being
the dominant error source for the inertial reference system.
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V. Flight Profiles

The objective of the flight profile development is to provide a
highly dynamic environment for the inertial sensors so that the result-
ing reference system errors can be studied. Air to air.combat appears
to be one of the most dynamic environments for an aircraft; therefore,
the flight profiles will be based on that type of scenario. The approach
will be, not to develop specific combat maneuvers, but to subject the
sensors to loads typical of these maneuvers.

Two types of dynamic flight profiles will be developed initially.
A "training" mission will be deVeloped containing both highly dynamic
and sinusoidal maneuvers. This will follow the development of a "combat"
mission with more severe dynamic maneuvers and less sinusoidal content.
The system errors generated by these two flight profiles will be the
basis of the subsequent error analysis.

Performance

| The F15 was chosen to represent today's air superiority fighter
aircraft and to be the basis for the construction of flight profiles.
The data in Table 12 was developed as a guideline for performance from
many sources (Ref 11, 16). This table was éompiTed to represent maximum
performance for a fighter in an air superiority role and will be used

as the upper 1imit in the flight profile development.

Also, as an aid in constructing f]ight profiles, data was extracted
from a tape of an F15 air-to-2ir combat engagement flown dufing aircraft
combat evaluatfon tests (ACEVAL) at Nellis AFB in 1977 (Ref 11).

In addition to aircraft performance, the pilot's ability to sus-
t2in high accelerations must also be cbnsidered. This data was developed

by the Aerospace Medical Research Laboratory and made available by
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AN
—
Performance Maximum Value

* Nominal Roll Rate 225 deg/sec

‘ Ro11 Time Constant 0.5 sec

i Forward Acceleration 1g

‘ . Positive Turn Acceleration 7.5¢

1 gNegative Turn Acceleration g

( tA]titude 60,000 ft
ISpeed Mach 2.5
iRange 350 nm radius 3
L
. Table 12. Represcrcative Fighter Maximum Performance
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Capt Robert A. Mercier (Ref 10). The average aczeleration that a typi-
cal pilot can sustain while performing combat maneuvers is plotted in
Figure 42. Average g‘s is determined by the equation

Accumulated g's x Time Held
Time in Combat

Average g's = (36)

The pilot retains full capacity when below the lower line of the plot

and passes out if average maneuver acceleration falls above the upper
line. The flight profiles developed for this simulation were designed to
be near the top line in the "combat" mission case and more toward the
bottom line for the "training" mission. .

Combat Flight Profile

The "combat" flight profilz, shown in Figures 43 through 47, sim-
ulates the highly dynamic loads present during afr to air combat. To
conserve computer time, the mission was compre- ‘teen minutes
from takeoff to landing., Each of the 50 maneus ied for this
mission are listed in Table 13. 1In the table, time is specified in
seconds from the start of the mission. Acceleration is divided into
acceleration along the path of the flight and acceleration, generated by
maneuvers, which 1s tangential to the flight path,

The -mission starts at 38 degrees north latitude, 75 degrees west
longitude, at an altitude of 200 feet. From this point the aircraft
initiates a maximum performance climb up to a cruise altitude of
30,000 feet. After level off, the aircriii 2ccelerates to supersonic
airspeed and dashes toward the point of interception. The pilot looks

down by performing a 45 degree roll, followed by a descent to 10,000

tfeet. Highly dynamic combat maneuvers are simulated at thic point by
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i=
?i Segment  Time :Maneuver . Degrees ' Tangent g's | Path g's
1 0.0 | Pitch 50.3 73 | o 3
2 | 5.0 | Straight 0 0 0
B 3| a7 | piten -50.3 3 0.3 i
4 7677 | Turn -45 7.33 0.4
? 5 | 81.77 | Straight 0 0 1.0 ’
6 1041 ' Straight 0 0 0
7 1154 Roll ' 45 0 0
s | 1ss Ro1l |45 0 0 {
9 1156 Pitch -25 3 0
10 169 Turn 30 7.33 0
N {17 Straight 0 0 0
{ 12 |1%.86 | Pitch 25 7.33 0
13 197 Turn 270 6 -0.1 ‘
14 | 252 Turn -180 7.33 -0.3 f
15 27N Turn 40 7.33 -0.4
. 16 277 Turn 20 7.33 0
. 17 281 Turn 10 7.33 0
| 18 234 Turn 60 7.33 0
19 |20 Straight 0 0 0 ‘
20 | 351 Pitch 40 7.33 -0.5 :
21 | 357 Ro11 180 0 0
22 |359 Pitch 30 7.33 0 {
23 | 364 Ro11 -180 0 0 |
24 | 366 Pitch - 7.33 0
B 25 |3 [ron __ |-180 0 o | i
Table 13. Combat Flight Profile i
' 5




L |
.4

. Egg_@gn}_! Time  Maneuver ' Degrees | Tangent g's Path g's %
‘ 26 | 3 | pih | 60 7.33 0 }
27 | 3 Straight 0 0 1 %
28 | 3% | Roll -180 0 0
20 | 32 | Ppiten 30 7.33 0 E
30 398 ‘ Turn -210 3.0 0
3 450.9 | Straight 0 0 -0.8
32 538 f Pitch 25 6.0 0 g
? 33 542 ; Turn 35 6.5 -0.2
' 34 547 | Turn 25 5.5 -0.2
35 551 2 Turn -15 4.5 -0.2
36 5§55  Turn 45 3.5 0
37 563 ! Pitch -25 4 0
( 38 570 | Straight 0 0 0
39 600 \ Pitch -25 a 0
40 607 | Turn 35 6.5 0
. 4 611 l Turn 25 4 0
'. 42 616 : Turn -15 3.5 0
43 620 | Turn 45 4 0
o 628 i Pitch 55 2 0
.45 652 ;Straight 0 0 0 {
46 654 | Pitch -37 1 0 *
a7 686 { Straight 0 0 0 :
48 737.5 | Turn -400 3 0.1 %
.49 859.5 ! Roll 360 0 0 %
’ ( 50 877.5 3 Pitch | 1.5 -0.382 % ‘
: i
| | Table 13. (continued) %
£
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performing an arbitrary series of high acceleration vertical and hori-
zontal turns. This is followed by a gradual descent toward home base
which includes the performance of a 360 degree roll and a 400 degree
turn. The mission is terminated at zero velocity near the starting
point. -

It should be noted that although the maximum tangential accelera-
tfon 1s specified the same (7.33 g's) for many maneuvers in Table 13,
this is not the acceleration held throughout the turn. A1l of the turns
in PROFGEN are coordinated; therefore, tangential acceleration starts at
zerg with wings level and increases with roll angle until the maximum
is reached. Therefore the average tangential acceleration sensed for a
small turn at low airspeed would be considerably less than the average
for a large turn at high speed, although the same maximum acceleration
was specified for each case.

Training Flight Profile

The "training" flight profile, shown in Figures 48 through 52,
represents less severe maneuvers with longer durations and more sinusoi-
dal motion. Sinusoidal maneuvers will be performed at arbitrary fre-
quencies to determine, in general, whether errors are compounded or just
oscillate. Overall time for this profile, 15 minutes, is the same as the
combat profile, but only 20 maneuvers are performed.

The starting point is the same as the combat profile, but ip the
training mission a gradual climbing turn, at 30 degrees of bank, is made
to cruise altitude. This is followed by sine wave maneuvers; and turns,
rolls, and loops of 360 degrees or more. Each maneuver is specified in
Table 14. The overall errors generated by these large maneuvers will be

compared to the overall errors induced by the numerous smaller maneuvers
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’ Segment': Time ‘ Maneuver Degrees | Tangent g's Path g's
“ 1 . 0 Pitch 15 5.5 0.1
- 2 l 2 \ Turn ! 285 0.577 0
3 ! 158.94 | Pitch A5 2 0.2
J 4 ' 165 ! Straight 0 0 0
1 s ! 195 ! Sine o | I o
6 |22 | Straight | 0 0 0
7 !255 | Pitch -20 3 0.1
8 261 Turn | -480 2.5 0
9 331 Pitch 20 4 -0.2
10 335 Straight 0 0 0
n 365 Pitch 360 3.5 0
! 12 431 Straight 0 0 0
13 461 Pitch -360 2 0
14 622 Turn -140 4 0
15 652 Ro11 720 0 0
! 16 659 Straight 0 0 0.3
Y 689 Sine -20 0 0
E 18 | 761 Straight 0 0 0
BB L) Turn 640 4.5 0
20 887 Straight 0 L 0 0
Table 14. Training Flight Profile
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in the other flight profile.

In the development of the previous mission, the flight profile
generator, PROFGEN, was found to exceed the aircrafts performance speci-
fications during some maneuvers. This resulted in the modification of

PROFGEN so that realistic trajectories could be generated.

These changes
will also be used here.

As with the combat mission, roll and turn maneuvers are based upon
@ representative roll time constant; however, the sine maneuver is not.
The equation PROFGEM used to compute roll rate, s is

b= 64.4 v ¢ wz cos2ut
(32.2)74* (vyo sin2wt)2

(37)

where

v = Total Velocity

v = Maximum Heading Change

w = Frequency of Sine Maneuver

At t = 0, the start of the sine maneuver, roll rate is
. 2
¢ =2vuw /[ 32,2

which 1s the maximum value of Equation (37). Therefore, even if ¢

and w were chosen to conform to the aircraft's roll time constant, an

unrealistic maneuver is performed since a step increase in the value of
roil rate occurs at the beginning of each sine maneuver segment. The
step input will have to be taken into consideration in the analysis of

the errors induced by the training flight profile.
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VI. Error Budget

Each type of error source will be propagated sepérately over a
highly dynamic flight trajectory in order to determine the relative con-
tribution of each kind of the sensor errors to the overall inertial re-
ference system error. The "combat" flight profile will be used for this
analysis since it contains more manuevers with higher acceleration loads
than the "training" flight profile. This profile should generate a
broader spectrum of system errors by exciting more sensor errors.

The plots of the ensemble averages over 50 Monte Carlo runs of the
error states from each error source plus and minus one standard deviation
(sigma} will be compared to baseline plots obtained from propagating just
the initial conditions with no sensor errors. These baseline plots are
shown in Figures 53 through 61. Since the initial values of tilt and
azimuth errors are functions of many of the sensor errors, these initial
conditions will change depending upon the particular error state being
analyzed.

In contrast to the system error obtained from just the initial
conditions, Figures 62 through 70 are plots of the error standard de-
viations as a result of the contributions of all of the error sources.
These plots were developed based upon a normal long alignment. A
shorter atighnment, as will be shown in this section, would generate more
system error.

The second column of Table 15 represents the percent of error,
relative to the error generated by all the error sources, induced into
the system by just the initial conditions. This percentage was estimated
by comparing the maximun value of the standard deviations for each type

of plot. For subsequent comparison of the contribution of each error
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Figure 57. Altitude error state from initial conditions
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soufce, the maximum value obtained from propagating just the initial
conditions was subtracted from the maximum obtained with the error source,
‘then the percentage is computed. In all cases, the final value of the
longitude and latitude error states are the maximum value. The vertical
channel, ih most instances, is compared at the peak standard deviation
value resulting from the initial climb. In addition to changing the
driving forces of the vertical channel, the error sources also change
the damping of this closed baro-inertial loop. In some cases this re-
sults in variations that exceed the maximums obtained from the presence
of all error sources, as shown in the fifth column of Table 15. Many
of the standard deviations of gyro induced fi]t errors reached maximum
values just before the -400 degree turn at t = 737.5 seconds cancelled
much of the error built up by turns in the opposite direction. 1In the
cases where the initial velocity standard deviations are the maximum
value, the difference between the standard deviations at the final time
was the basis of cemparison.

Additional tables, constructed in the same manner as Table 15, will
be used for comparison of individual accelerometer errors and individual
gyro error contributions to the overall system error. Since the contri-
butions of error sources are calculated at points which best reflect
their relative contribution to the overall error, and vertical channel
damping is variable; the square root of the sums of the squares (RSS) of
the percentages of contribution will not, in general, be 100 percent.

It should also be noted that the tables show some error sources
contribute more to one of the horizontal channels than the other. This
is a result of the predominatly north-south orientated flignt profile

shown in Figure 43. Therefore, scale factor type of error sources would
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cause more error in the predominant north-south direction, while mis-
alignments would couple errors into the perpendicular, east-west direc-
tion.

Table 16 was developed to show the relative contribution of the
sensor error sources to the initial alignment error of the tilt and
azimyth error states. This percentage was derived from the ratio of the
standard deviation induced by an individual error to that induced by all
the sensor errors. These alignment error sources are not independent,
since a change in heading will increase the contribution of some of the
sources, while decreasing that of the others. Therefore, especially for
azimuth, the RSS value of all the percentages of contribution will not
necessarily be 100 percent.

In addition to these tables, a word description rather than the
inclusion of a plot will be used to point out simple trends resulting
from the error sources. The plots selected to illustrate more complex
detail have been consolidated in Appendix H since they will be referenced
in both this section and the following section.

Accelerometer Errors

The ensemble averages and standard deviations of the error states
resulting from propagation of just the accelerometer over the flight tra-
Jectory are shown in Figures H-1 through H-9. With the exception of the
damped vertical channel, virtually none of the dynamics of the trajectory
are reflected in these error plots. The slight variations in the north
velocity error correspond to large turns initfaled at 197, 398 and 735.5
seconds.

Accelerometer errors, thrqugh the relationships in Equations (23)

and (25), cause most of the tilt errors during initial alignment. The
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resulting north tilt error, in turn, causes a small initial azimuth error
-due to the first term in Equation (27). The standard deviations of these
initial errors, shown in Figures H-7 through H-9, remain relatively con-
stant throughout the mission.

The third column in Table 15 shows the percentage of error (based
on comparison of maximum values) that the accelerometers contribute to
the overall system error. Comparison of these values to those resulting
from just the initial conditions show that, in general, the accelerometer
errors had a smaller adverse impact on the performance of the navigation
system. However, introduction of the accelerometer errors did cause more
variation of error in veftical channel as seen by comparing Figures H-5
and H-6 to Figures 47 and 48.

The contributions of each type of accelerometer error to the over-
all system error is shown in Table 17. Each of the error sources will be

discussed.

Accelerometer Bias. Accelerometer bias, as shown in Table 16, is

a factor in the initial alignment accuracy of the tilt error states and
indirectly has a small effect on initial azimuth error. These three add-
itional initial errors and the bias errors contribute to the velocity
differential error equations. The resulting velocity error is then inte-
grated to give position errors. Both position and velocity errors are
terms in the.tilt and azimuth differential error equations, and therefore
the cycle continues.

The standard deivations of tilt and azimuth errors grow smoothly
to the maximum relative relationship shown in the second column of

Table 17. This same linear grow;h is also true for the latitude and

longitude error states. The horizontal velocity standard deviations,
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however, start at their maximum value and gradually decrease. The percent
-of system error contributed by these states was determined by comparison

of the standard deviations at the final time. Slightly more oscillation

than that observed from just the initial conditions was apparent in the

vertical channel, but this contribution is insignificant relative to the

total vertical error.

Accelerometer Scale Factor Error. Scale factor errors contribute
about the same amount of error to the system as accelerometer bia§ errors,
as a result of this flight trajectory. Unlike bias, the scale factor
errors do not contribute to the initial tilt and azimuth alignment arrors,
but the standard deviations of these error states grows iinearly until
the maximum s about equal to the bias-induced errors.

Tabie 17 shows that the horizontal velocity error standard de-
viations for the scale factor induced errors are less than those induced
by the bias errors. Yet, the position error standard deviations are
equal to or greater than that caused by the bias errors. In each case,
the initial velocity error standard deviation was the maximum value
followed by a gradual decrease. However, the standard deviation for scale
factor induced velocity error remained at a higher value longer and dropped
slightly faster toward the end of the mission. Integration of the higher
average velocity error resulted in more scale factor induced position

error.

Accelerometer Misalignment. Misalignment is the dominant source

of accelerometer induced system errors. The third column of Table 16
shows that this error source is the cause of most of the initial tilt
errors and some of the initial azimuth error. Unlike the bias induced

initial errors, whose standard deviation grew as the flight progressed,




[

these three higher initial standard deviations remained relatively con-
stant throughout the mission,

The standard deviations of the east and north velocity errors, as
shown in Table 17, are considerably higher for the misalignment induced
errors than any other accelerometer error source. This relatively high
velocity error would have a large‘impact on position error when integrated
over a longer flight profile.

The oscillations produced in the vertical channel are nearly iden-
tical in size and in shape to those produced by the combination of all
accelerometer errors shown in Figures H-5 and H-6.

Accelerometer Second Order Errors. Second order error sources

were included in the accelerometer error model as a result of the com-
parison of their maximum impact on system error to that caused by other
error sources. These relationships were shown in Table 6. The percentages
of total error contributed by these sources, shown in Table 17, confim
that the system errors generated are not insignificant. In fact, the
standard deviation of latitude errors and north velocity error contribute
the same percentage of total evror as accelerometer bias.

When the quadratic and cross scale factor second order error
source types are considered seperately, each produces the same percentage
of error as the other. However, in almost every error state, the stan-
dard deviation is more when just one type of error source is present than
when the two second order sources are combined. This result is not con-
tradictory since specific force excites both of these error sources, but
the quadratic error remains positive while the cross scale factor error

changes sign, causing some cancellation of the error.

The second order errors cause the tilt and azimuth standard
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deviations to grow linearly from zero to the maximum percentage of error
shown in the fifth column of Table 17. The standard deviations of posi-
tion errors >tart at their initial values and gradually increase, vhile
the velocity error states gradually decrease from their initial value.
The percentage of total error for each of these error states is computed
based upon their relative value at the final time.

Accelerometer Correlated Noise. Correlated Noise produced a sys-

tem error similar in magnitude to that of bias and scale factor induced
error. Table 16 shows that this noise source also contributed a small
amount of initial alignment error.

Although the relative magnitudes vary slightl, as seen in Table
17, the system plots obtained from both the accelerometer bias and cor-
related noise are nearly identical in shape. The tilt, azimuth and posi-
tion errors gradually grow from their initial values to the maximum per-
centage of overall error shown in the table. The velocity errors de-
crease gradually from their initial standard deviations until the final
time where their relative contribution is tabulated. Correlated noise
causes slightly more oscillation in the vertical channel than the accel-

erometer bias.

Accelerometer White Gaussian Noise. Overall, the white noise

contribution to the inertial reference system error is the least signi-
ficant accelerometer error source. Comparison of the relative values
of the columns of Table 17 shows that in several error states even second
order errors were considerably greater than white noise induced system
errors.

In this simulation the white noise contribution is added directly

to the velocity error states. A noise sample, weighted by the time
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interval between samples, is added periodically (every two seconds in
this case) to simulate the driving noise. The strength of the noise used
here, however, is not sufficient to alter trends established from just
the initial conditions. Therefore, the velocity error standard devia-
tions still gradually decrease from their initial values but end at a
slightly higher percentage of total velocity error than those caused by
Just the initial conditions. Again, position, tilt and azimuth errors
gradually grow to a maximum standard deviation at the final time.

Gyro Errors

Gyro errors are the dominant source of error for this strapdown
inertial reference system. The system errors caused by the gyro error
sources, unlike the accelerometer error sources, strongly reflect the dy-
namics of the flight trajectory driving the simulation program. The
standard deviations of the error states generated by just the gyro errors
(and initia) conditions) are shown in Figures H-10 through H-18. With
the exception of the position errors, each of these plots show variations
due to specific maneuvers.

The gyro errors are terms in the tilt and azimuth differential
equations. These error states, as seen in columns 7, 8 and 9 of Figure
4b, are multiplied by specific force and become terms in the velocity
differential equations. Velbcity error is integrated to give position
error and both, in turn, cause more tilt error. Each integration of the
induced error provides some smoothing, therefore, rapid changes in tilt
error results in the gradual growth of position error shown in Figures
H-10 and H-11.

Through the alignment process of nulling the east component of the

earth's rotation rate, the gyro errors contribute most of the initial
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azimuth error. This is reflected in the relative percentages of total
initial error shown in Table 16. Figure H-18 shaows that the gyro error
sources cause the standard deviation of azimuth error to remain relatively
constant throughout the mission. Comparison of the percentages of total
error listed in Table 15 shows that this is the major source of azimuth
error.

The gyro errors do not contribute to the initial tilt errcis. but
Figures H-16 and H-17 show that speciftic maneuvers cause large variations
in these standard deviations leading to the maximum percentage of error
shown in Table 15. This table shows the gyro error sources contribute
both the largest percentége of tilt errors and the largest percentage of
velocity errors. These standard deviations of east and north velocity
error shown in Figures H-12 and H-13, unlike the accelerometer induced
errors, have prominent variations as a result of the flight trajectory.
The velocity and north tilt error standard deviations reach a maximum at
the final time, while that of east tilt peaks before a large turn cancels
some previously built up system errors.

The initial conditions resulted in greater position errors than
those induced by the gyro errors sources. However, for a longer flight
time, integration of the larger gyro induced velocity errors would result
in considerably larger position errors.

Gyro efror sources produced about the same amount of error in the
vertical channel as the accelerometer error sources. However, this is a
relatively small percentage of the total error,

The contribution of each type of gyro error to the overall error
is shown in Table 18. Each of these gyro error sources will now be dis-

cussed.
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Gyro Bias. %Gyro bias errors are modeled as random constants in
the tilt and azimuth differential equations. Therefore, these terms do
not directly couple the dynamics of the flight trajectory into the error
states. This type of error source causes the standard deviations of the
tilt errors to grow linearly from zero to the maximum percentage shown in
Table 18. Azimuth error, on the other hand, has an initial alignment
error that is caused by gyro bias. Table 16 shows that this is the major
source of initial azimuth error. The standard deviation of azimuth error
remains constant throughout the mission and accounts for about half of
the total error as seen in Table 18.

Azimuth error, multiplied by the specific forces shown in the
ninth column of Figure 4b, are terms in the velocity error differential
equations. Figures H-19 and H-20 show the resulting variations in the
east and north velocity standard deviations. Comparison of these two
plots to Figure H-12 and H-13 shows that this is the major source of
variation in the standard deviation of velocity error, but does not
account for its increasing trend or variations of the mean.

As is the case with most of the other error sources, the standard
deviation of the gyro bias induced position error increased smoothly to
the maximum percentage shown in Table 18. Also, slightly more variation
was apparent in the vertical channel than obtained with just the initial
conditions, but this was insignificant compared to the overall vertical
error.

Gyro Scale Factor Error. The gyro scale factor errors multiplied

by angular velocity are terms in the tilt and azimuth differential error
equations. This directly couples some of the dynamics of the flight

trajectory into these error states as shown in Figures H-21 through H-23.
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i The standard deviations of the tilt errors grow in steps until they re-

present about one fourth of the total,

From the relationship established in Cquation (27), it is seen
that the scale factor error multiplied by the north component of the

earths rotation rate contributes to the initial azimuth error. Table 16

shows, however, that this is a small percentage of the overall alignment
error.

From the initial standard deviation, as shown in Figure H-23, the

azimuth error increases steadily, but has several minor variations due to

specific maneuvers.

The tilt and azimuth errors multiplied by specific force are terms

in the velocity differential equations. Ihtegration results in a smooth
standard deviation of velocity error that gradually decreases for the first
two thirds of the mission followed by a slight increase during the final
{ portion. The overall result is about the same percentage of velocity and
position error as the gyro bias produced system error.

Gyro Misalignment.

Misalignment is a dominant source of gyro error.
Table 18 shows, however, that while the percentage ot longitude error from

this source is large, latitude error is small. This difference is due to

the predominant north-south orientation of the flight trajectory shown in
Figure 43. Inspection of the fundamental submatrix shown in Fig&re 41
shows that.for a northerly heading (cey = Cnx = -Cuz = 1), the terms
multiplying misalignment errors in the east velocity differential equat-
fon are -, and Wy, while for north velocity they are w, and -my {(w is the

angular veiocity of the body frame with respect to the inertial reference

frame). Since roll rate is a factor in Wy s this term is generally much

higher than the other terms resulting in more east velocity and Tongitude

-

error.
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This directional dependence is seen explicitly in Figure H-24,

The slope of the standard deviation of east velocity error increases as

the turn to a north heading is completed after 400 seconds of flight time.
Figure H-24 also shows along with Figure H-25 that, while bias induced
error accounted for most of the variations in the standard deviations
shown in Figures H-12 and H-~13, misalignment error causes the increasing
trend. ‘

Figures H-26 through H-28 show that gyro misalignments produce
abrupt changes in the tilt and azimuth error states as a result of the
flight trajectory. The resulting growth in the standard deviations of
these error states leads to the largest percentage of overall error as
shown in Table 18. Figure H-28 also shows that gyro misalignment produces
a small initial azimuth error. This is error resulting from sensing
earth rate during alignment,

Gyro White Gaussian Noise. As discussed in Section 1I, the out-

put error of the ring laser gyro is better characterized by a white
Gaussian noise compongnt rather than by exponentially time-correlated
noise or the 'imit thereof for long correlation time, random walk, which
is typical of mechanical gyros. It is a phycically wider band noise pro-
cess in laser gyros than mecha: ical gyros. This noise directly drives
the tilt and azimuth differential error equations resulting in the error
shown in Fiqures H-29 to H-31.

The standard deviations have, as expected, an increasing trend,
but also have a wavering component. This is due to the simulation program
which approximates the driving noise by periodically adding noise samples

weighted by the time interval between samples. A smaller time interval

than two seconds used here would have produced less variations. Tabie 18




fan

shows that white Gaussian noise contributes only a small percentage of
the overall system error, The standard deviations of the east and north
velocity errors decrease smoothly from their initial values and those of
latitude and longitude gradually increase. Slightly more oscillation is
apparent in the vertical channel than that caused by just the initial
conditions.

Gyro Scale Factor Nonlinearity. The nonlinearity is added .to the

scale factor error as shown in Equation (13). Table 18 shows that the
nonlinear contribution has almost no effect on the growth of the standard
deviations of the error states. However, as shown in Figures H-32 through
H-34, the ensemble averages of the tilt error states vary considerably as
a result of the dynamics of the flight profile. The cummulative effect
of these variations is a slight increase in the mean values of longitude
and east velocity error, and a small decrease of the Tatitude and north
velocity error.

The small effect of the nonlinearities on the error standard devif
ations was expected since the flight profile was not specifically con-
structed to excite this error source. None of the rolls or turns per-
formed during this mission were designed to maintain a roll rate in the
nonlinear region shown in Figure 3. The nonlinear error source was only
excited while the roll rate was in transition through the region. An
.acrease in the magnitude of the scale factor nonlinearity causes con-
siderable deviation of the mean, but no detectable change in the growth
of the standard deviations.

Baronetric Altimeter Errors

Barometric altimeter errors are the dominant error source for the

vertical channel. As shown in Table 15, both the altitude and up
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-velocity percentagés of total error are two orders of magnitude larger

than that obtained from any other error source. The standard deviations
of these two error states is virtually identical to Figures 66 and 67.
Although this error is significant, a relatively smal) amount of error is
coupled into the horizontal channels.

Table 15 shows that barometric errors generate more latitude error
than longitude errors. Again, this is a result of the predominently
north-south orientated flight profile shown in Figure 43. Inspection of
the third column of Figure 4b shows that north velocity, through the re-
lation Py = -vn/R, multiplied by altitude error is a factor in the lat-
itude error differential equation. The factor Pe also multiplies the
vertical velocity error in the north velocity error differential equat-
fon resulting in more north velocity error than that in the east direction.
More east tilt error than north tilt error is also a result of the
factor P

Gravity Errors

Gravity error sources, 1ike the accelerometer errors, contribute
directly to the initial tiit errors and indirectly (through the first
term in Equation (27)) to the initial azimuth error. The relative a-

mount of this initial contribution is shown in Table 16.

Although gravity errors contribute little to the growth of the
vertical channel standard deviations, they do cause some variationlin the
mean values of altitude and up velocity error. This is shown in Figures
H-35 and H-36. Each deflection of the mean corresponds to a large hori-

zontal turn. Referring back to Table 7 shows a large difference in the
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change in the direction of flight. However, the higher strength of the

“east deflection of gravity also should cause more east velocity and long-

itude error, but Table 15 shows just the opposite. This is misleading
because the entries in this table are percentages relative to the error
generated by all sources. More total longitude and east velocity errors
were generated than latitude and north velocity errors, which caused the
apparent differcnce.

Short Alignment Time

The inertial reference system alignment process is assumed to
occur in two steps. First, the computer determines local level by sen-
sing the gravity vector through the accelerometers. Then an azimuth re-
ference is found by nulling the east component of the earth's rotation
rate vector as sensed by the gyros. Since the gravity vector is a rela-
tively large quantity which can easily be detected by the accelerometers,
the computer can rapidly determine the transformation necessary for a
local level coordinate frame. However, this is not the case during the
second portion of the alignment. The earth rate vector is relatively
small which makes it difficult for the computer to determine the precise
direction of zero earth rate (the east direction). The longer time the
computer has to solve the problem, the more accurate the azimuth reference
is.

As developed in Section Il, a long alignment has tilt errors
directly related to accelerometer and gravity errors, and azimuth error
is mostly a function of gyro errors. To simulate a shorter alignment,
tne initial ezimuth has an added Gaussian random sample of 3 arc min

standard deviation,

The major impact of the short alignment time is shown in
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Figures H-37 and H-38. These variations in the yelocity standard

deviations are similar to those caused by gyro bias. The ninth column

A

in Figure 4b shows that the azimuth error multiplied by specific force

s a component in the velocity differential equations. Changes in

these specific forces as a result of high g turns cause the steps and
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peaks shown in the velocity error state plots.

The relative contribution of a short alignment time to the other

S e

error states is shown in Table 15.

WA

Error Budget Conclusions

Table 15 shows that gyro error sources contribute the most overall

error in the strapdown inertial reference system analyzed here. Although

the barometric altimeter errors induce the most error in the vertical

T, R

channel, relatively little of this error is coupled into the other error

{ states. The position error resulting from just the initial conditions is
more than the gyro induced position error, but the velocity errors
caused by gyro error sources are considerably higher than those from the
initial conditions. Therefore, a longer time of flight would result in
more gyro induced position error as a result of integration of the
velocity errors.

Accelerometer error sources in general did not couple any of the
dynaniics of the flight trajectory into the error state equation. However,
each error source did cause a difference in the trend of the standard
deviations of the error states. Misalignment was the major source of
accelerometer induced error. It was not only the largest cause of

variation of the standard deviations but was the major source of initial §

alignment tilt error.

(' The gyro error sources cause specific maneuvers in the flight




e e + e W et e M e e

]

trajectory to be reflected by changes in the inertial reference system

-error. Again, misalignment was the major source of this error. This

caused rapid variations in the tilt and azimuth error states and intro-

duced an increasing trend in the velocity states. Gyro bias caused the

most initial azimuth alignment error. This higher error coupled trajec-
tory variations into the velocity error states. Scale factor errors in-
duced variations in the tilt error state, but not to the extent of the
gyro misalignment errors. The scale factor nonlinearity introduced
variation in the error state mean values but had 1ittle cummulative
effect.

Gravity errors did make a small contribution to the system error,
as seen in Table 15. The amount of this error varied slightly with the
direction of flight.

For the time of flignt used in this simulation, a short alignment

time causes a system error that is comparable to gyro bias induced error.

This is because each causes a large initial azimuth error.

L
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VII. Error Analysis q

While the previous section was concerned with determining the con- %
tribution of each error source to the overall system error, this section ]
investigates the specific maneuvers and combinations of maneuvers that *
particularly excite these errors. Since gyro errors induced the most
significant trajectory-dependent variations in the error states, the

plots of the specific contributions of each of these error sources, in-

cluded in Appendix H, will be used to help determine the effects of each
maneuver. These plots are a result of the "combat" flight profile shown
in Figures 43 through 47,

The errors generated as a result of the "training" flight profile
will then be compared to those obtained previously. This profile, as
shown in Figures 48 through 52, is the same time length as the "combat"
flight profile but is made up of 20 segments of longér duration with
more sinusoidal content and lower accelerations.

Error Generated from Pitch Changes

The pitch-up initiated at t = 2 seconds produces a step increase
in the standard deviation of north tilt error (Figure H-27) and & smaller
increase in that of east tilt error (Figure H-27). Althouyn hese changes
do not dominate over the initial tilt alignment errors (Figures 68'and
69), they clearly show how the flight trajectory interacts with the error
sources. With the aircraft heading north, the pitch-up generates an
angular rotation vector in the east direction. This vector is multiplied
by scale factor error to become a term in the east tilt differential
. error equation and by misalignment error to become a term in the north
( tiit differential equation. More north tilt error dis generated since

misalignment is the predominant gyro error source. Inspection of
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Figures H-21 and H-27 shows that level off, initiated at t = 61.77 seconds,

negated most of the previous increase. Although the pitch down was made

at a slower rate, it was in exactly the opposite direction as the pitch

up and of longer duration. Had the aircraft turned 90 degrees before
leveling off, the scale factor and misalignment induced errors would

be in opposite channels than the pitch-up and not result in the cancelation
previously observed.

The overall result of these two maneuvers is that during the climb
some tilt errors are present in the system. These tilt errors, multiplied
by specific force, are tems in the velocity differential equations.
Therefore, through integration, velocity er}ors and subsequentiy position
errors are generated as a result of the climb. Since position and velocity
errors are factors in the tilt differential equations, a slight increase
in overall tilt error would be expected in spite of the cancelling effects
of these two maneuvers.

The above analysis shows two characteristics of the system error
that will be prevalent, although not always explicitly stated, throughout
the error analysis. First, the propagation of the error is directly
dependent upon the direction of flight. A change in direction between
maneuvers could cause either reinforcement or canelling of system errors.
Second, although variations in error appear to have a cancelling effect,
the overall system error, thrcugh integration of the error changes into
the other error states, is generally higher.

The coupling of the error states increases considerably when the
direction of flight is not in a cardinal direction as above. At time
t = 156 seconds, while the aircraft heading is 315 degrees, a -25 degree
pitch change is initiated. Figures H-25 and H-27 show that small steps

of about equal amplitude but in opposite directions are caused in the
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standard deviations of the tilt error states. Even smaller variations
result from the scale factor errors during this maneuver.

‘ Numerous pitch changes in succession were performed in the time
period from t = 351 until t = 398 seconds. A 180 degree roll was made
before and after each pitch down maneuver. The aircraft was on a heading

of 205 degrees during these maneuvers so both roll and pitch changes

were coupled into each horizontal channel. Since a major portion of

the tilt errors are due to the roll maneuvers, the specific contributions
from the changes in pitch cannot be isolated in the plots. However,

the major trend, as shown in Figures H-16 and H-17, is c1e6r. The east
tilt error, which had the most coordirate frame rotation because of the
180 dagree roll maneuver, had a standard deviation which:oscil1ated.

On the other hand, the north tilt error, without the re&ersa]s in the
relationship of the body and navigation frame, built qb a substantial
standard deviation of the error. The specific force,éenerated by these !
pitch maneuvers, fu, also induced small variations'iﬁ the velocity error

states shown in Figures H-19 and H-20. '

i

Errors Generated from Turns

i

The first turn, initiated at t = 76.77 secqﬁds, produced prominent
changes in the standard deviations of the error étates. This was a 45
degree turn which started from a north heading./ The tangential accelera-
tion, therefore, rotates from west to south-wggt. From Figure 4b, it
is seen that west specific force, -fe, multipiied by azimuth error is
a term in the north velocity error differentfal equation. Figure H-

20 shows that this relationship resulted in a step increase in this standard

deviation. Little variation resulted in the east velocity crror state

b ] i a1

since most of the specific force was in g’wester]y direction, which
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is not a term in this equation.

Other gyro error sources also contributed some variation in error
during this first turn. Figure H-22 shows that the standard deviation
of north tilt error has a step increase resulting from the scale factor
error times the roll rate into the turn. A smaller step, due to the
45 degree change in heading, in the opposite direction is generated from
roll out at the turn's completion. East tilt error standard deviation
(Figure H-21), on the other hand, has just one increase (following a
decrease caused by a pitch maneuver) as a result of the angular velocity
of the turn itself reinforced at the end by a portion of the roll out
vector. The scale factor nonlinearities (Figures H-32 and H-33) also
caused these same type of variations in the mean of the tilts.

The tilt error standard deviations due to gyro misalignment (Figures
H-26 and H-27) have greater variations and effect each channel in the
opposite way as the scale factor errors. A large step in the standard
deviation of east tilt error resulted from the roll into the turn, and
a smaller, opposite direction, step occurred on roll-out. The turn caused
a step increase in the standard deviation of north tilt error which was
reinforced by a portion of the roll-out vector.

Figure H-28 shows that the angular turn rate vector also increased
the azimuth error standard deviation as a result of misalignment.

The combined effect of these error sources did cause definite varia-
tions in the standard deviations of the error states with all error sources
present (Figures 64 through 70). Results similar to these, but in the
opposite direction, were obtained from the 30 degree turn initiated
at t = 169 seconds. The errors generated by these turns were reiatively

small compared to those induced by the larger turns.
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Two of these large turns were performed in succession. The first

R o e L e e e 4 v

"was a 6g, 270 degree turn initiated at t = 197 seconds and ended at
t = 235 seconds. This was followed by a 7.33 g, -180 degree turn initiated
at t = 252 seconds and ended at t = 271 seconds. Figures H-19 and H-

20 show that each of these turns induced large oscillations in the velocity

o S T A i i 1

standard deviations. Although the -180 turn, at 7.33 g, is generating
more specific force and therefore inducing more error into the velocity
differential equations; these figures show a smaller peak in this standard
deviation as the heading passes 180 degrees. This shows that other factors

including residual system errors from the 270 degree turn are influencing

the overall system error.

b e

Both of these large turns resulted in substantial increases in

the standard deviations of azimuth and tilt errors as a result of the

{ same factors discussed previously. However, roll-out from the -180 degree
turn at t = 271 seconds produced a very large increase in the standard
deviation of north tilt error as a result of gyro misalignment (Figure
H-27). The roll-out heading of 75 degrees caused the misalignment error
to couple most of the roll rate vector into the north channel.

This same effect is also very apparent in the -400 degree turn
entered at t = 737.5 seconds with roll-out at t = 794 seconds. The air-
craft is on a heading of 175 degrees when the turn is initiated. Figure
H-26 shows a large variation in the standard deviation of east tilt error
induced by misalignment during the roll-in. Again, the error is induced
all in one channel because the aircraft is nearly on a cardinal heading.

Also, the decrease in the standard deviation is a result of residual

system system error from previous manuvers. Specifically, two series

of turns, with a net result of a 180 degree right turn, were performed

e I e




Just before the -400 degree turn. The roll-in to the first turn of the
series at a heading of 355 degrees, and the roll-out of the last turn
at a heading of 175 degrees induced reinforcing errors into the east
channel as a result of misalignment. Rolling into the -400 degree turn
induced the negative of these residual errors resulting in the sharp
drop in the standard deviation. Roliing out of the -400 degree turn

at a heading of 135 degrees induced little change, as a result of mis-
alignment, in either the north or east tilt error $tates.

Errors Generated from Rolls

The 45 degree roll and back initiated at t = 154 seconds did not
reach a high enough roll rate (based on a time constant of 0.5 seconds)
and was not of long enough duration to have induced any perceptible system
errors. On the other hand, the 180 degree rolls between pitch maneuvers
generated substantial errors. These rolls, on a heading of 205 degrees,

induced large changes in the standard deviations of the tilt error states

as a result of scale factor error (Figures H-21 and H-22) and gyro misalign-

ment (Figures H-26 and H-27) during the time t = 357 until t = 390 seconds.
The rolls also produced deviations in the mean as a result of the scale
factor nonlinearity (Figures H-32 and H-33).

The 360 degree roll initiated at t = 859.5 seconds produced some
very interesting results. Figures H-21 and H-22 show steps, in opposite
directions, in the standard deviations of the tilt errors as a result
of gyro scale factor error. However, Figures H-26 and H-27 show no change
in these error states from gyro misalignment as a result of this maneuver.
At this particular heading, 135 degrees, and as a result of the residual
system errors, the errors induced by misalignment in the tilt error states

cancel each other. Referring to Figure 4i shows the term Cej”x in the
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east tilt differentialrequation and the term an”x in the north tilt
differential equations. But at a heading of 135 degrees, these elements
of the direction cosine matrix are equal. Figure 4b shows that these
two differential equations are coupled by the term ©, times the

east tilt error. It is this coupling with the same driving term j

and the proper initial conditions that produces the observed cnacellation

of errors.

Errors Generated by Acceleration Along Flight Path

The only isolated occurrence of acceleration along the flight

path occurs from t = 81.77 until t = 104.1 seconds. A 1g forward

s s
L

acceleration is épp]ied at a heading of 315 degrees. Figure 4b shows
that north specific force, fn’ is a term in the east velocity differential
equation and that west specific force, -fe, is a factor in the north

( velocity differential equation. Therefore, it would normally be
expected that an acceleration midway between these two cardinal directions
would induce equal variations in each channel. But, Figures H-16
and H-20 show that this is not the case. A ramp is induced in the
standard deviation of the ncrth velocity error state, but no change
is apparent in east velocity error. The last maneuver, a -45 degree
turn, generated mainly west specific force. Although the acceleration
along the path applies equal specific force to each channel, in the 7 {
north channel it reinforces existing error while in the east channel

the induced acceleration error itself is not strong enough to be

predominant,

Errors Generated Using the Training Flight Profiles

( The emsemble averages of the error states, plus and minus one

i 1w T

standard diviation, resulting from propagating all the error sources

L - over the training flight profile are shown in Figures 71 through 79.
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Comparison of these plots to the corresponding plots in Fiqures 62

~ through 70 resulting from the combat flight profile show, with the

exceplion of the north velocity error state, that higher standard

‘deviations of the errors are gencrated using the combat flight trajectory.

However, the standard deviation of north velocity error Tor the training
flight profile did remain below that of the combat profile for the

first two thirds of the mission. Large maneuvers toward the end

of the training flight profile caused the observed increase in velocity
error.

Inspection of altitude and up velocity error plots fron the
training profile (Figures 75 and 76) shows lower initial peak values
occuring at a later time than those induced by the combat flight
profile (Figures 66 and 67). This is due to the different type of
climb used to obtain initial cruise altitude. The combat profi]é
simulates an afterburner climb to gain altitude rapidly, while a
gradual, turning climb is used in the training profile. The climbing
turn, unlike the straight climb in the combat mission, also generates
velocity errors (Figures 73 and 74). The errors coupled into the
east velocity differential error equation by north and up specific
forces reinforce each other and produce a large increase in the standard
deviation, while the opposite is true for east and up specific forces
in the north velocity differential equations.

The tilt error states shown in Figures 77 and 78 also show
some vaviation due to the initial turning climb. However, these
changes appear small compared to the large variations shown in north
tilt crror from t = 365 until t = 622 seconds. During this time

period, a 3.5 g loup was performed by pitching up on a heading of
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205 degrees, followed by a lower, negative g loop on the same hecading.
Since this results in a precdominately east-west oriented angular
rotation vector, most of the error is generated by gyro misalignment
in the north tilt error state as shown in standard deviation plotted
in Figure 78. These maneuvers also cause large variations in the
east velocity error state as a result of the combination of up and
north specific force (Figure 73).

The remainder of the maneuvers in the training flight profile,
based on the previous aralysis of errors gencrated by the combat
flight profile, produced predictable variations in the error states.
The sine maneuvers, inifiated at t = 195 seconds and t = 689 seconds,
induced oscillatory variations in the standard deviations of the
error states, but did not contribute to any "arge increases in systcm
errcr. Figures 77 and 78 show that the 720 degree roll, initiated
at t = 652 on a heading of 65 degrees, induced steps in the standard
deviations of both east and north tilt errors. Considerable variation
was induced into the velocity, tilt and azimuth error states as a
result of the -480 degree, 2.5 g turn initiated at t = 261 seconds
and, as expected, even more error was induced bty the 640 degree,

4.5 g turn which started at t = 791 seconds.

Crror Analysis Conclusions

Overall, the error analysis showed that a maneuver of longer
duration, rather than high g loads, induced more system crror. Relatively
low acceleration (1 or 2 g) maneuvers caused little change in the
error states, but a maneuver performed at two different higher acceleration

loads (4.5 versus 6.5 g) induced about the same awmount of Lilt and

azimuth error in each case. The magnitude of the variation in the
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velocity error states does directly depend on the amount of specific
force generated, but the cummulative effect depends upon the length
of the turn.

Pitch changes generally induced the most error into the channel
more closely aligned with the aircraft's heading. This is caused
by gyro misalignment interacting with the pitch angular velocity
vector which is perpendicular to the aircraft's heading. Scale factor
errors do induce errors in the opposite channels as the misalignment
generated errors, but in most cases the errors resulting from misalignment
are larger. Most of the errors generated by changes in pitch directly
effect the tilt errors as a result of the pitch angular velocity
vector; however, the vertical specific force, fu, also induces small
variations in the velocity error states. Large, relatively high
g pitch changes induce considerable system error, but a subsequeﬁt
pitch change in the opposite direction of the same amount, not necessarily
the same g load, cancels most of this error. However, a change in
heading or attitude (especially a 180 degree roll or turn) between
these maneuvers could, instead, cause these errors to reinforce each
other.

Turns generate errors from three different events: roll into
the turn, the turn itself, and roll out of the turn. The turns are
coordinated so that some heading changes do occur during roll-in
and roll-out. During the turn, the horizontal specific forces that
arc generated are coupled directly into the velocity differential
equations by the azimuth error. This can be a considerable source

of system error depending upon the amount of azimuth error and the

g loads of the turn. A 18C degree turn from onc cardinal heading
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’ to another induces a step in the velocity standard deviation of the

channel perpendicular to the original heading and a peak in that

...__..—4.4...]-.“'; -

of the other channels. Rolls into and out of the turns, done at
the performance limit of the aircraft, rather than the turn itself
induce the most tilt errors. A 90 degree turn from a cardinal heading 3

induces about the same amount of error in e2ach channel, but a 180

2 o i bt o - b o

degree turn induces reinforcing errors in one channel and little

error in the other. Most error, as a result of gyro misalignment,

3

is induced in the channel perpendicular to the heading as a result

e i s

of the rolls into and out of the turns. Misalignment also causes

a ramp in the standard deviation of azimuﬁh error during each turn.
Isolating the roll maneuver itself proved to be very beneficial.
It showed that maneuvers that are not performed on cardiral headings
:i' (those aligned with the error states) do not necessarily contribute

proportional errors to each channel, While the other error sources

i do contribute proportion errors, the effects of the major error source,
i misalignment, can be cancelled depending upon the heading being flown
) ! and the previous system errors.
7 Maneuvers in succession that generate errors in the same direction
% produce more variation in the standard deviations of the error states
' than when.each maneuver occurred separately. This effect was shown
in several instances. In ore case, accelerating along the flight
path 45 degrees between cardinal headings only produced changes in
the velocity standard deviations of the one channel. This was a
result of reinforcement of the specific force gencrated during the

previous turn.

The second flight profile did not generate quitc as much overall
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ib system error as the first one. However, each of the longer duration
maneuvers did produce large system errors. [t did show that a faster
climb produces more vertical channel error and that sine type maneuvers
produce oscillatory variations in the error states but do not contribute
; to significant growth in the error states. This profile also highlighted
the fact that the effect of induced errors can be cancelled by performing
the same maneuver in the opposite direction but not necessarily with

the same acceleration loads.
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Conclusions
This study evolved into two distinct phases. The first phase

was the development of the error model and the computer simulation

s s s b

of a state-of-the-art strapdown inertial reference system, while
the second phase was an analysis of the errors induced into this
inertial system when driven over a highly dynamic trajectory.

A Monte Carlo simulation was chosen in preference to a covariance

analysis so that computer resources could be used more efficiently.

|
|
!
!
l
{
!
!
i

This also allowed the gyro scale factor nonlinearity to be included
explicitly in the error model. A 50 run Monte Carlo simulation produced

almost identical results as a covariance analysis and ran in about

vhe same amount of computer time. Fewer than 50 runs were used for

problem set up and to obtain preiiminary results.

The Honeywell GG1342 ring laser gyro error model was used to
represent a state-ot-the-art gyro since it was recently flight tested
in the A7-E. The Bell Model XI accelerometer error model was chosen
because this instrument is in wide use today and has better error

characteristics than the accelerometer currently beinrg used in the

Ring Laser Gyro Navigator (RLGN) with the GG1342.
Two highly dynamic flight profiles were constructed from representa-

tive performance characteristics of the F15 in its air superijority

2 A M I b S L 28

role. The more intricate "combat" flight profile was used for most

of the error analysis, while the "training" flight profile was used

for comparison of the overall cffects of two difierent scenarios.
(: The basic result obtained from the crror budget was that the

gyro error sources contributed the most to overall system error.
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These gyro error sources also directly coupled most of the dynamics
of the flight trajectory into the variations of the system error.
Misalignment was the major source of error for both the gyros and
the accelerometers. Accelerometer errors caused more initial alignment
error in the tilt error states than gravity errors, while gyro errors
and short alignment times were responsible for most of the initial
alignment. errors in the azimuth error states.
v

Analysis of the errorélgenerated by propagating the error mode?
over the flight trajectorieé showed that, in general, a long durationr
medium acceleration maneuvér induced more system error than a series
of arbitrary maneuvers of higher accelerations. Morcover, maneuvers
that occur in succession ;nd generate reinforcing errors generally
induce more system error then each maneuver seperately. Also, the
same maneuver performed in opposite directions produces less overall
errors than performing the maneuver just once. Performance of a
maneuver between cardinal headings does not necessarily induce proportion-
al errors in each channel. One of the major contributors to system '
error, misalignment, can generate errors in the tilt error states
that, through interaction between the tilt differential error equations,
cancelthemselves out. This depends upon the heading of the aircraft
and the previous system errors.

Recommendations

The investigation done here was an initial step toward gaining
a fundamental knowledge of the propagation of errors through a strapdown
inertial reference system as a result of highly dynamic trajectories.

Considerable effort was expended in setting up Lhe complete simulation

package and incorporating the stochastic error models and crror equations
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into the simulation. Since the gencral simulation program used here,
SOFE, is very well docunented, and the subroutines implementing the

strapdown inertial refercnce system error model are essentially self-
documenting, these should provide a solid foundation for future study

in this area.

The flight profile generator, PROFGEN, has some definite disadvant-

ages. Primarily, it does not model the dynamics of the aircraft.
For highly maneuverable aircraft this causes some problens, especially
in the performance of roll maneuvers. Two modifications to PROFGEN
were iade, one to include a roll-only maneuver and another to provide
a realistic roll time constant for turns and rolls, but more changes
need to be made. Qut-of-plane maneuvers cannot be simulated effectively
since changes in pitch, rolls and turns must be specified in seperate
profile segnents. It is therefore recommended that another profile
generator be considered for follow-on study in this area.

This study did identify the major causes of system error for
the particular gyro and accelerometer model used here. Further study
should include the incorporation of other ring laser gyro and accelero-
meter error models into the simulation to determine if these errors
are typical of the particular models chosen or of a state-of-the-
art model in general. This should be accompanied by a sensitivity
study in which defining parameters are increased and decreased.

It was noted during this investigation that particular mancuvers
reinforced errors while others cancelled some system error. More
data needs to be generated and niore extensive analysis is nocessary
in order to provide firm guidelines as to which mancuvers should

be cnployed or avoided when possible. Also, the various types of

G vl sl

i
L

b

. f%‘ o~ Aai S o T (O it i



8 o m,m\\ku‘wu.\oﬂm ’ \-‘"" |
g gtttk ki i i

optimal aiding should be explored to detemmine the reduction of system

error caused by cach in this highly dynamic environment.
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' o Appendix A

SOFE: A Gencralized Digital Simulation

for Optional Filter Evaluation (Ref 12)

SOFE was developed as an efficient general purpose simulation
program for the design of Kalman filters. Although filter design

vias beyond the contoxt of this thesis, SOFE was used for both the

generation of a Monte Carlo simulation using a truth model, and for
covariance propagation of the crror state equations for a filter

based on the truth model and having no input measurements.

1Rl 12, A Wb

The basic SOFE program contains 34 routines which perform input/

|
!

output., problem setup, run setup, numerical integration, and run
%! termination. Nine additional subroutines must be written by the

user of the program to specify the problem to be simulated. These

|

nine routines supply derivatives, measurements, truth movel fluctuations,

and trajectory data. A1l of the programming was set up to be efficient

Ut Tk 1] L 5

in both the use of core and time. This was done by dense packing
arrays and vectors into a single array, usirg singly subscripted

variables, using sparse matrix storage techniques, and exploiting

the symmetric properties of some of the matrices.
A truth model in SOFE is a direct implementatior of the error ¥
state equations. The 9 subroutines and data required to develop +

the truth model are shown in Appendix F. Differential equaticns

-

for the model, without the driving noiscs, are propagated through L
3%

time by a fifth order Runge-Kulta integrator. At iniervals specified §

i‘ by the user of the program, the integration 1s stopped to allow for

measurement updates, the addition of noise to the Lruth medel, feedback,
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output, or whatever is specified by the program user. A subroutine,
GAUSS, is provided in SOFE for generating random Gaussian samples.
SOFE was implcmented in this simulation to stop integration just
for the addition of noise to the truth model and Lo generate output.
No measurements or feedback were used.

The filter model in SOFE is implemented by specifying both
the filter error state equations and the initial covariance matrix.

Propagation of the filter error state equations by the integrator

is much the same as the propagation of the homogencous truth error
state equations. However, rather than periodically adding noise
to the states, the covariance of the error, P(t), is also prcpagated

forvard in time by numerically integrating the equation
P(t) = F(t)P(t) + P(L)F(t)T + Q(t) (A-1)

corresponding to the state equation x(t) = F(t)x(t) + w(t), where

F(t)
Q(t)

fundamental matrix

white driving noise matrix

such that E{y(t)yT(t + 1)} = Q(t)s(x)

The 9 subroutines and data necessary to implement a filter model are
shown in Appendix G. A complete explanation of fquation (A-1) and
filter models can be found in Reference 8.

Out of the 9 user written subroutines available in SOFE, only
6 were utilized in this simulation. USRIN, which is only called
once by SOFE for problem initialization, was uscd Lo rcad in time
constants and initial standard deviations of the error states. Subroutine

TRAJ was used only to specify some constants, since an external flight
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trajectory was gencrated. Subroutines XFDOT and XSDOT specify the
homogeneous differential equations of the filter model and truth
~wodel. These two subroutines were essentially the same in this case
‘since a full order filter was used. Subroutine SNOYS is used in
conjunction with the truth model. It is called at intervals to inject
noise into the appropriate states to simulate the driving noise, |
w(t). Subroutine FQGEN is used to specify Equation (A-1) for the
propagation of the covariance matrix associated with the filter model,
A1l of these subroutines, except USRIN, are called at the beginning

of each Monte Carlo run, through a FORTRAN ENTRY statement, to initialize
data or variables partichlar to that routine.

In addition to supplying 9 subroutines, 37 parcmeters are entered

through a list called PRDATA in CDC NAMELIST FORMAT. These are parameters

which remain fixed throughout the simulation. They specify the problem

content, control input and output, and regulate the nunerical integration.
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APPENDIX B
SOFE SUBRDUTINES FOR ERRIR ANALYSIS

SUBROUTINE AMEND{UIRUNGT oNF yNSyNXTJ e XFoeXSeXTAJ)
DIMENSTION XFUNF) o XS{NS) o XTRAJINTY)

RETURN

ENTRY AMENDO

RETURN

END

SUBRUOUTINE ESTIX{IRUNGT gnNF NS 9yNXTJsXFeXSeXTRAJyNTR9P=)
DIMENSTUN XFUINFJoXSINS) o XTRAJINXTI) » (l ')

RETURN

ENTRY ESTIXD

RETURN

END

SUBROQUTINE FOQGEN{TIRUNGTHNF NS eNXTJsXF 9 XSeXTRAJ,
ENZFWNZD9F4 1)

DIMENSION XFUNF)aXSINS) o XTRAJINXTI) JFINZF),Q(NZQ)
RETURN

ENTRY FQGEND

RETURN

END

SUBROUTINE HRZ(IRUNyTyNFoNSyNXTIaXF o ASeXTRAJSNTRyPFHIMEAS,
MyHyRyZPES)

DIMENSTON XF(NF)9XS{NS) ¢yHINF) yXTRAJ{NMXTI)sPF{NTR)

RETURN

ENTRY HRZO

RETURN

END

SUBROUTINE SNOYS{IPUNSTyNFaNSeyNXTI3XFaXS,XTRAJ)

COMMON/SNDTIS/SDWSO{HAI)+50WS(13)9SDWFO(L)
COMMON/TCSYS/TAUS(3)4DIST(4)
COMMON/TRJICOM/RE $G4OMEGASE§RKLyRK24RK]
DIMENSION XF{NF]¢XSINS) o XTRAJINXTY)

VOND=SORTIXTRAJ(B)#R2+XTRAJ(G)**2)
DT=T-TJLD

SRDOT=SQRT(OT)

STOEY=5045(1)*S5R2
XS{7)1=XS(7)+GAUSS(D«IHSTOEY)
STOLY=SDYS{2)*52DY
XSE31=XS{A)+GAUSS(D,. J1§TDEV)
STHYV=SNAS{3) %5057
XS(3)=XS(9) +GAUSS{NDSTNEY)
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STHEV=SDUWS{4)*SCDT
X5(4)=XS{4)+GAUSSINDWSTOEV)
STOEV=SD4S(5)=S2DT

AS{H)=XS{5) +LAUSS(DI+STOLEY) !
STOUY=SDHS(A)*¥SROT

XSUH)=XS{») +GAUSS(D.2STDFY)
STOEV=SDWS{7)%SAAT(2.,¢NT/TAUS(1))
XS{26)=XS(26)+GAUSSIN.D+STOEV)
STOEV=SOWS{8)%SQT(2.%*DT/TAUS(2))
XSU27)=XS(27) +GAUSS{0:+D4STOEV)
STOEV=SOWS{9)1*SQPT(2.,*0T/TAUSI(3))
XS{23)=XS(28)+5AUSS(0.,0,+STOFEV)
STOCEV=SOWS(LN)I+*SURT(2.¥DT#VGND/OIST(L))
XS(59)=XS(56)+GAUS5(0.0,STODEV)
STOEY=SOYS{1L)#SART(2.*DT*VOND/DIST(2))
XS(58)=XS{53) +5AUSS{0.0,STHEV)
STOEV=SOWS(12)*SQRT(2.,%0T*VGND/DIST{3))
XS{5G)1=XS(59)+5AUSS{I I +STDEV)
STDEV=SDONS{L13)*SART(2,¥DT*VGND/DIST(4))
XS(6H0)=XS(50)+5AUSS(0.04STIOEV)

CONTINUE

ENTRY SNOYSO

TOLO=T

RETURN

END

SUB20UTINE TRAJGIRUNGTANFNSGNXTI e XFy{SyATRAJ)
COMMON/TRJICOM/REIGHyIMEGASE9RKL9RK24RK3
DIMENSION XF(NF)sXS(NS) 9 XTRAJ(NXTI)

DIMENSION TITLE(Z2O)

DIMENSION SEGLNT(50) 9RESTRT(S50) 9ITURN(S50) 4NPATAH{50)4PACC(5))
DIMENSION TACC(30)s4HEAND(50)sPIT(50),DTD(50)+M0DE(5D)
DIMENSION ZRROR(50)4HYAX{50})HMINIS5D)

RETURN

ENTRY TRAJD

READ (3) TITLE,TODAYLCLOCK

READ (31} IPROIGNSEGCTHILLMECHy TSTART 43 VTO9PHEADDS?ITO,
E ALFAOSLATOSLONOWALTOCIPRNTHIRITE,IPLOT,H,ROLRATHLUNIT
READ (3) SZGLANT,RESTAT«ITURNSNPATHZPACCsTACC,yAEAD,
£ PIToDTOIMIDESERROR4HMAXHHMIN

IF (IRUNLGT.1) GO TO 10

CALL PAGCON(44,1)
WRITE (6H5100) TITLE,TONAY,CLOCK
FORMAT(LX o 7HTITLE: 320A4/1X,7THDATE:  4Al0/1X,74TIME:  ,ALlD)

PRINT#," 1PR0OB: "y P03
PRIMT=4" NSEGT: "yMSEGT
PRIMT®," L_MECH:",LLMECH
PRINT#," TSTART " TSTART
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PR,

10

PRINT#." VT
PRIMT*4" PHLADD

"’ IV.TO

1L, PHEADD

PRINT®=s" PITCHU:"WPITO

PRINT>" ALFAN:
PRINT#4" T12RNT:
PRINT " 121TE:
PRINT=," (PLAT:
PRINT®4" 2IOLRAT
PRINT=," LUNIT:
PRINT#®,1m M

"yALFAD
", IPINT
"LIRITE
", 1PLOT

$"y ROLRAT

"GLUNIT

PRINT#4" STGLNTI"sSEGLNT
PRINT*," RESTRT:I",RESTRY

POINT®4" ITURN:
PRINT®," WpPaTH:
PRINT=4" pPACC:
PRINT#," TACC:
PRINT#4™ HEAD:
POINT#," PITCH:
PRINT#," DTO:
PRINT#," MODE:
PRINT#," E2ROR:
PRINT," HMAX:
PRINT®," HMIN:
CUNTINUE

RE=20925640.,
6=32.0381576

My ITURN
VLNPATH
"yPAZC
"sTACC
"JHEAD
YLPIT
",370
"yMODE
"y ERAOR
"y MAX
WeHMIN

DMEGA=.T72921151E~4

E=1./293.3

C STANDARD XK VALUES ARE K1=3.E-2,

C OPTIMAL K VALUES ARE KLl=1.003.

RK1=3.,E-2
PK2=3et~4%
RK3=1.5-6
RETURN
END

SUBRDUTINE USRIN
COMAON/SNGIS/SOWSO(H0)SDNS{13)9SOHFT(L)
COMMON/TCSYS/TAUS(3),DIST(4)
NAMELIST/INS/TAUSyDISTySOWSDsSOWS,ySOWFD

CALL PAGCON{60,1)

PRINT*4" X(1)
PRINT#," X{2)
PRINT#," X(3)
PRainT=," X{4)
PRIMT*," X(?)

EAST LONGITUDRE"
MOATH LATITUDE"
ALTITUDE (UP)®
cAST velLOCITY"
MOQTH YELNCTTY!
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PRINT&,™
PRINT® M
PRINTS "
PRINT#, "
PRINTS "
ORLNTE,"
PRINT "
PRINT, "
PRINTx,"
PRINT®, "
PRINT%,"
PRINT%,"
OPRINT®x,"
PRINT%,"
PRIMNT*,"
PRINTH,"
PRINTx,"
PRINTH, N
PRINT=,"
PRINTH,"
PRINT®, "
PRINTH,,Y
PRINT%,"
PRINT#,"
PRINT#,"
PRINT® "
PRINTx,"
PRINT#,"
PRINT#,"
PRINT=,"
PRINT®, "
PRINT*,"
PRINT=,"
PRINT%®,"
PRINTZ"
PRINT#,"
PRINT%,4"
PRINT®,"
PRINTH,"
PRINTH,"
PRINTH®,"
PRINT#®,"

PRINT®,"

PRINT#,"
PRAINTH,"
PQINT:,"
PRINTH,"
PRINTH "
PRIMTE,"
PRINTw®,"
PRINT#,"

X{#%)

X(7)

X{43)

X{9)

{1}
(i)
(12)
X{13)
X(14)
X(1%)
£{16)
X(17)
¥{13)
X(179)
X{20)
X(21)
X(22)
X(213)
{24}
£(2%5)
X(256})
X{27)
X{28)
X(29)
X{30)
X{131)
X(32}
X{313)
X{34)
X(35)
Xx{3s6)
X(37)
X{(38)
X(39)
X(40)
X{41)
X(42)
X{43)
X(44)
X(45}
X{46)
{a7)
X{43)
X{47)
X{51)
(51
£(52)
X(53)
£054)
X(%9%)
X{5h)

VERTICAL VELOC
EAST ATTITUDF
NOITH ATTITUDE
Ur ATTITUDE
[NTEGRAL OF VE

YR DRIFT
GYCT JRIFT
GYRO ORIFT
5YR( SCALE
GY2N SCALE
GY20 SCALE
Y20 MISALI
CYRN MISALT
GYR') 4ISaLl
GYsf) 4ISALIl
5YRQ MISALI
GYRD MISALT
ACCEUERDMET
AGCHLEROMET
ACCELERDMET
ACCELERDMET
ACCELEROMET
ACCELEROMET
ACCELEROMET
ACCELERO~ET
ACCELEROMET
ACCELEROMET
ACCELEROMET
ACCEFLEROMET
ACCELFEROMET
ACCELFROMET
ACCELEROMET
ACCELEROMET
ACCELEROMET
ACCELERAOMET
ACCELEROMET
ACCELEROMET
ACCELZROMET
ACCELEROMET
ACCELEROMET
ACCELERDMET
ACCELERQMET
ACCELEROMET
ACCELEROMET
ACCELERDMET
ACCELEROMETY
ACCELERDMET
ACHELEROMET
ACCELERNET
ACCELEROMET
AR pegs

NN L XXXKN XN ALAXNLIN NN AN AN XN XN XX NN INN NN <X

f

(o)
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RTICAL CHAMNMEL ERROR

RATE M
RATE "
RATE M
FACTOR "
FACTDO "
FAaCTOR "
GN ARJUT Y "

GN ABJUT Z

GN ABDUT X ¢

GN A3JUT 2 M

OGN Ag3JUT X

GN AdJUT Y ¢

EP BIAS "

ER BLAS "

ER BIAS "

ER 69 SEC 3IAS
ER 60 SEC BL1AS "
ER 60 SEC 8IAS "
ER IMPUT QUADRATIC
ER CROSS QUADRATIC
ER CRISS QUANRATIC
ER CI0SS CUADRATIZ
ER INPUT CQULDSATIC
SR CROSS QUADRATIC
ER CR0OS5 QUACRATIC
ER CROS5S CUADRATIC
ER INPUT QUADRATIC

"

(X
(X
(X
(v
{y
(y
{z
(Z
(Z

ER CRNOSS SCALE FACTO®R
ER CR3SS SCALE FACTOR
ER CROSS SCALE FACTOR
ER CROSS SCALE FATTOR
ER CRJISS SCALE FACTOR
ER CROSS sSCabe FAITOR
ER GCROSS SCALE FACTOR
ER CrROSS SCALE FACTOR
ER CROSS SCALE FACTOR

ER SCALE FACTOR
ER SCALE FACTOR "
ER SCALE FACTOR O
ER MISALIGN AB3UT
EQ MISALIGH AB0UT
ER MISALIGN ABJUT
FR O AISALIGH ABDUT
ER OMISALLGH A2DUT
ER MISALIGN ABOJUT

< XM X N

AXIS)
AXIS)
AXIS)
AXIS)
AXIS)
AXIS)
AXIS)
AXIS)
AXIS)
{(XyY)
{XsY)
{XsY)
{Xy2Z)
(X+2)
(X4+2)
(Ys2)
{(Yel)
{YsZ)

e
BRI

i

L

T T R e L
PRIt
FAX

e PR R 2T ST

ey o

[ RLar R R b

T P N

e =

ECTPICR

PRAL S S ORN

T pad
SRR Llend it

; N —
R S R S st B v

FisH)




PRINT#," X(57) RAR SCALE FACTOR "
PRIMTS," X{53) [AST NiFL GRAVITY "
PRINT#," X(59) RNOC DEFL GRAVITY n
PRINTH," X{60) GRAVITY ANIMALY "

REAN(Y s INS)
WRITE(HsL00) TAUSsOISTySDHSD45I4S,SDHFO
RETURNA

100 FORMAT("L"S(/)TLO"TRUTH #ODEL DATA-BASE FROM
ENAMELIST INS: "
£//T15"T [45 CUNSTANTS, TAUS " ¥
£/T2053614.47 1
£//TLS"ZORRZLATION DISTANCF, DIST °® {
£/T20,401447 : 1
£//T15"S0D4s)"
£/101/T20,651447)
F//T15"50WS"
£/2(/T20,6614.7)/T204G1447 {
E//TL5"SDWRD" i
£/T204151447)
END

SURRAUT INE KEDOT(IRUNST sNF NSy NXTJ g XFaXSsXTRAY, NTR,P =4 XDOT)
COAMMON/TRJICO4/YE yGoDMEGA9E 9 RK L9 RK2HRK3
COMMON/SNOIS/SIWSA(A0) s SOWS(13),SDHFILL)

DIMENSION XF(NF)yXDOTINE) s XSINS) s XTRAJINATII»P=(NTR)
XNOT(1)=0.

RETURN

ENTRY XFDDTO (
XF(1)=0. 4
RETURN
END

SURRSUTINE XSDOT(IRUNvTvNFvNS,NXTJ-XF9X59XTQAJ’XDOT)
DIMENSIAON XE(NE )9 XSINS) o XTRAJ(NXTJ) 9 XDOTINS)

AT T dwe T s

COMMON/TCSYS/TAUS(3)DIST{4)
CﬂMﬂUN/SNOIS/SDHSQ(bD)’SDWS(13)qSOHFO(1)
COHHDN/TRJCOH/QE,GsOﬂESA,EvﬂklyRK29RK3

C 16 TRAJECTORY INPUTS FROM PROFGEN

RLAT=XTRAJ(L)
RLON=XTRAJ(2)
ALPHA=XTRAJ(3)
ALT=XTRAJ(4)
ROL=XTRAJ(S)
PIT=XTRAJ(S)
YAW=XTZAS(T7) ‘ }
VNeXTRAJ(R)
VE==XTRAJ (D)

PO )
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FN=XTRAJ(L])
FE=-XTRAJ(L2)
FU=XTRAJ(L3)
DROL=XTRAJ(14)

DPIT=XTRAJLLS)
DYAR=XTRAJ(LH)

h YU=XTRAJ(1D)

VGOND=SQRT(VYN¥*2+VE&%2)
SLAT=SIN(R_AT)
CLAT=COS(SLAT)
TLAY=SLAT/CLAT
OMEGAN=0MESAXCLAT
OMEGAU=OMES ASLAT
SX=3IN(ROL)
CAx=Cas(eoL)
SY=SIN(PIT)
CYy=C0S(PIT)
SZ=SIN(YAMW)
CZI=COSIYAY)
SA=SIN(ALP-A)
CA=CNS(ALPHA)
SLON=SIN({RLON)
CLON=COS(RLNON)

C RHO IS THE ANGJLAR VELOJCITY OF THE NAV FRAME WRT EARTH

RHOE==VN/RE
RHON=VE/RE
RHOU=VEXTLAT/RE

C WE-WN-WU ARE THE ANGULAPR VELOCITY OF THE NAYV FRAME WRT
C INERTIAL FRAME COORDINATIZED IN THE NAV FRAME (E~-N-U)

WE=RHOE
WN=RHON+OMZGAN
WU=RHOU+OMEGAU

C COMPCONENTS OF THZ PINSON MATRIX

RKZI=YU/RE

ALAT2=2.%2_AT

Fa2=2¢ % (OMZGAN*VN+OMEGAURVU) ¢ RHONRYN/ (CLAT*%2)
FA43=RHOU*RADE +RHAON¥RLZ

Fa4==RANESTLAT-RKZ

FS52==2 *OMEGAN®YE~RHIN®VE/CLAT*%2

F53=AHON*2 40U-AHOF #RK 7
FhH3=2¥G/RI=RHIN®R2=IHIEF%2

FA2=WN+RHNOURTLAT

C TRANSFORAATION FROM  NAV FRAME (E-N-U) Td BODY FIAME (X=Y-=1)

(
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CXL=ST&CY

CXN=(CZ2%CY

CXU=SY
CYE=S2%SY*SX+C2%CX
CYN=C7*SY&SX=S2%CX
CYU==-CY*SX
Cli==C23SX+S7:SY¥CX
CIN=CI¥SY®IX+S5L%SX
CIU==-CY®CX

C TRANSFUORMATION F0M B3DY FRAME (X=Y=Z)} TO NAV FRAME {(E-H-U)

CeX=CXE
CEY=CYE
CEZ=ClE
CNX=CXN
CNY=CYN
CNZI=CIN
CUX=CXU
Cuy=CYu
Cuz=Cczu

C SPECIFIC FORCE IN THE 80DY FRAME

FX=CXN&FN+¢XEXFE+CXUXFY
FY=CYN*FN+¢CYE*SE+CYU*FY
FZ=CIN®*FN+CIEXFE+CZUSFY

C ANGULAR VELOCITY OF 80DY FRAME WRT INERTIAL FRAME
C COORDINATIZED IN THE B8BODY FRAME

r

]

29

30

WX=CXE#NE+IANEAN+CXUSHU+DROL
WY=CYEFWE+SYN¥NMN+CYJEJU+DPIT
WZ=CZEXWE+CIN®AN+CZUNU+DYAW

INSERT 2.5 PPM SCALE FACTOR NOMLIMEARITY

YSFHL=0.0

ISFHL=0.0

AWX=ABS(¥X)

AWY=ABS(WY)

AWZ=ABS(Y2)

TFOUAMX eGT a20%434509) 0 IR G{AWX LT 143962034)) 50 TD 2D
XSFL=7411997E~h%uX¥%2=3,50189E=0%A4K+3,11L6%5E-5
TFU(AAY o GT a24%430600) (IR ((AWYLTW1e372620634)) G TO 30
YSFAL= e L1933 TE~H%dY%$2 -3 ,5010GE=S%AWY+3,111660~5
TFCLAD7 0T e204934607) 3R, (AW ,LTs1e3962630)) G TOD 42
ISFNL=, L1976 ~p2d 242 =3, 50L89E=5%Ad2¢3,111h0F~5
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l' 40

CUNTINUE

XDOT(1)=XSt2) ¥RHOU/CLAT=XS(3)¥RHIN/(REXCLATI+XS(4)/
E{REXCLAT) . '
XDOT(2)=XS{Y)«RHNE/RE+XS(5)/RE

NROTU3) == LS (3)eXSUHIeXSUBAIHUKLeXS(OT)eRKLEALT

XPOT(6)=aXS(2)HFAa2¢XSU3)4FA3+XS(A4)RFA4+XS ()X (4J+UMEGCAY)
F=XS{H6)¥(WNrIMEGAN) =XS( ) *FY+XS{9)*FN
E+XS(23)#CFX+XS(24)%CEY+XS(25)%CEL
E+XSU2h)#CEXPXSI2T) ¥ CEY+XS(28)*CEL
E+XS(29) ¥CEXXFAEFX+XS (V0 )RCEYSFXNFX+ X3 (3L) ¥CEZ#FX*FX
EeXSU32)3CEXSFYXFY+XS(33)RCEYRFYXSFY+XS{3A)¥OEIHFYRFY
E+XS(35)*CEXRFIRFI+XSOIGINCEYHFTHF T+ XS (3TY) CEL&FI¥FL
E+XS{IB) SCEXHRFXXFY+XS(3I)HCRYFFXUFY XS {40} ¥CLLRFXRFY
EeXS(al)*CEXUFAXFT4XS( 42 )2 CEYSFXXEL XS (43 ) ¥ LETHFXFFL
E+XS(ah)¥CEXRFYRFZ+XS(45)2CEYYFYRFZ+eXS (4b ) %CuI*EYRFT
ReXS{aT)#CEXYFEXeXST4B)*CEYRFY+XS (a9 ) s0RZ%F (
E-XS{90)=CEXXFI+XS(SLY¥CEXFFY+XS{52) *CEY~F L
E-XS{S53)#CEYXEX-XS{56)¥CEZ*FY+XS{59)*CEZ*FX+XS(58)

XDOT(5)=XS{2)4F52+XS{3)*FS53-XS{4)%2,%W-XS{5)%IKZ
E+XS{6)*RHIZ+XS( 7)) FU-XS(Q) *FE
E+XS(23)*CNX+XS5(24)%CNY+XS(25)*CN2Z
E+XS(26)#CNX+#XS5(27) #CNY+XS{2B8)%CNZ
E+XS(29)#CNXRFX*FX+XS (30 )#CMY*FX*FX+¢XS{3L) *CNZ%=FX*FX
E+XS(32)%CNXHRFY*FY+XS(33)*CNYSFY=FY+XS{34) %CNI*FY*FY
E4XSO35)#CNXXFINFZ+XS {36 ) ¥CNYRF2IHE 2+ XS{37 ) *CNT*FI*FL
E+XS{33)%CNX¥FX*FY+XS(3I)RCNYRFXEFY+XS{40)«CNI*TX%FY
E+XS{4L)*CNXHFX¥FZ+XS{ 42 )¥CNYSFEX*FZ+¢£S{43) *CNI¥FX*FI
E+XS(4a)CNXFFYRF I+ XS( 45 ) ¥CHNYSFYXFZ4XS46) ¥CHIEFY*FL
E+XS{a7)=CNX¥FX+XS{4B) *CNYZFY+XS(49)*CNI*F7
E=XS{S50)%CNXXFZ+XS{SLI*CNX*FY+XS(52)%CNY*FZ
E=-XS{53)#CNY*FX=-XS(54)#*CNI%#FY+XS{55)*%CNZ*FX+X5(59)

XDOT(6)=~XS{2)#2%OMEGAUXVE+XS(3)*{FH63-RK2)+XS{4) %2, *¥HN
E=XS{5)#2#RHOE=-XS{T7)#FN+XS(3)*FE-XS{L10)
E+XS(23)=CUX+XS(24)#CUY+XS(25)%CUZ
E4XS(26)¥CUX+XS{27)%CUY+XS(28)%CUZ
E+XS{2I)%CUXRFEXRFX+XS{30 ) XCUY*FXFFX+XS{3L) #CUZ¥FX*FX
E+XS{32)*CUXRFY*FY+XS{33)%CUYSFYXFY+XS(34)%CUT*FY*FY
E+XS{35)*CUXXFIRFI4XS{3AIXCUYRFZFEZ+XS{37i%CULI¥FI%E]
EeXS{3B)XCUXRFEXXFY+XS{30)=CUYHFX*FY+XS{40)XCUL=EXRFY
E+XS(al)#CUX*FX2FZ+XS{ 42 )¥CUYSFX*FZ¢XS{43)%CUZ¥FX¥FI
Ee XS4 ) ¥ CUXKFY=FIeXS45 ) uCUYSFYRFZ+AS{406)¥CULZSFYRFT
ReXS(al)*CUXHFX+XS3{43)#CUYRFY+X5(49)2CUZ#FZ
E=KXKS{S50)¥CUX*FZ+XS(51)#CUX=FY+XS(52)%CUY*FZ
E=XS(53) %L LUY*FX=XS({54) ¥CUZ*FY+XS(55) #CUZ*FX
EeXS(56)%RL2eXS(ST)¥2L2%ALT¢XS{60)

ADDT(T)==XS (3I#RHNE/RE=XS[H)}/RE+XS{I)#WU-XS(9) &N
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11

13

15

17
17

EEXSELLI)*CEX+XSOLI2)¥CEY+XS{L3)%CFZ
E+IXSELa) #XSENL)¥OCEXSAX e (X5(L9) +YSEMUIRXCEY¥UY

Ee (XSULA)+ISFNLY*CEZRWT

E+XSTL7IRCEXYSL=XS{LR)RCEXHAY=XS(1Q)*CEY*NWZ
E4XS(20}#CEYRNX+XS(21V#¥CEZEAY=XS(22) ¥CEZHNX

XONT(R)==XS{2)FOMEGAI =S ( IV XRHON/RE+XS (4 ) /RE-XS{7)¥dJ

E+XSOO)RNE+XSLLL)*CNX+XS{L12)*CNY+XS{L3)=ONT
E4+IXSILA)+XSFNL)HCNXERX+ (XSC1S5)+YSFNL)*CMY*WY

EHAXS{LO) $ZSFNLYRCNZxW?

E4XSLLT7)*CNXHYZ=XS{18) ¥ONX¥AY=XS (1) ¥ONY®HT
E+XS{20)*CNY®WX+XS(21 ) *CNZ¥WY~XS(22) *CNZ*WX

XDOT(I)=XS{2)*FQ2=XS(3)*RHOQU/RE+XS{HI¥TLAT/RE+XS (7)) %dN

E~XSUB)*Wc+XS{LL)*CUX+XS{12)%#CUY+XS(L3)%CYZ
E+(XS(L4)+XSFNL) ¥CUXEWX + (XSTLS) +YSFAL)#CUY WY

E+{XSILA)+ISFNL) ®CUZ*W/

E4XSEL7)2CIUX¥WI=-X3{18) *¥CUX%AY=-XS{17)¥CUY*W Z
E+XS{20)#CIYRWX+XS(2L)=CUI#AY-XS(22)%SUL%NWX

XOOT(12)=XS{3)*RK3=-XS(56)%RK3I=X5(57) *RK3*ALT

DO 2 I=11,25
XDDT(1)=0,

XDOT{26)==XS(26)/TAUS(])
XDAT(27)==XS(27)/TAUS(2)
XDOT(28Y==XS{281/TAUS(3)

DD 4 1=29,55
X00T{1)=0.

XDOT(56)==XS{54)%VYGND/DIST(1)

X00T(57})=0,.

X0DT{58)==XS{58)*VGND/DIST(2)

XDOT(59)==XS ({52 )*VGHD/DIST(3)
XDOT{EO)==XS(HOI*YGND/DIST(4)

RETURN

ENTRY XSDOTO

DN 11 I=146
XS(I)1=6AUSS(0.,SDWSO(T))
00 13 I=11l,22
XS(IY=GAUSS(C.,SDWSO(I))
DA 15 1=23,55
XKS(I)=GAUSS(0.SHA450(T1))
D017 1=56457
XS{1)1=GAUSS{0,,50%SO(T1))
NN 19 1253460
XS{I)=CGAUSS{D.+50WSOLL))
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C SET STEADY STATE AND CNRRELATED INITIAL CONDITIONS

ALT=XTRAS(S)
RLAT=XTRAJ(1)
OMEGAN=0MESAXCOS(RLAT)
OMEGAU=OMESARSINIRLAT)
RAMHEAD=GAUSS{.041.8133)
CHEAD=COS (RANHEAD)
SHEAD=SIN{RANHEAD)

XS{3)=XS{545)+XS(57)*ALT
XS(7)==~(XSU23)/G+XS(26)/G+XS{35)%G+XS{50))%CAEAD

£ +(XS(24)76G4XS(27)/G+XS(36)*G-XS{52))%SHEAD
& - XS(59)/6G

XS5{8)= (XS{241/G+XS(27)/G¢XS(36)%G=XS(52))*C-HEAD
& +(XSE23)1/G+XS(26)/G#XS{35)%G+XS(50)1%SHEAD
& t X5(581/6

XS{9)=(XS(B)*OMECAY

£ +(XSCL2)-XS(LS) ¥OMEGAN®SHEAD+XS(19)*NMEGAU

& + XS{20)*0EGAN®CHEAD)I*CHEAD

& #(XSILL)+XS(L4)*¥OMEGANKCHEAD=XS(17)%0OMEGAY

& + XS(18)*OMEGAN®SHEAD)#SHEAD) /OMEGAN ’
XS5(10)=(2.%G/REI*XS(3)-XS(25)=XS{28)=XS{37)%G¥G+XS{43) %G
& + XS(50)

RETURN

END

TRUTH MODEL FOR HONEYWELL GG1342 RLG AND BELL MOD L1 ACCELEROMETER
3PRDATA

NF=1y NS=60s TF=900s9 DTFPRNT=150ss DTNIYS=2.9DTPIPL=% .,
LPRXF=oFay LPRLT=0Fey LPROGC=aFay LPP=uT oo NXTI=163.XTJ=,Teys

M=09LPRXTI=eTey CC=eTeoDTCCPL=2,9IPASS=50,
$

60%0.
L¥0,
lolsle
De0e0s

FINS TAUS(L) =600 960696040

AISTUL)=1519025.8+50761.0333,60761.033343645566,19,

SOWST(L)=1.67T944FE =5y 1.HT7344E=5, 28,8779L3

1. L] 1: 1] lo E"l,
Se E=ly 5 C=%y Y. F=tiy
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l. E‘e’
1873808~
e E"b'
29 E=5,
2-5 F"‘S!

SOKRS(1)=

SD¥FD(1)=
1.

1+040,3437
2+0+0+43437
390?0'10
49090,10
Sy090,1.,
HeDalyiw
Te0¢0e3437
Aa0eNa3061?
M¢0+0,43437
0404040,

TIME (S

LONGITUDE ERIOR

POASITION =

LATITUDE ERROR

POSITION =

ALTITUDE ERRIR

ALTITUDE =
f: 45

m(ie

44553758 <4,
ledHhG =8,
?n l")‘)()3r.'-‘),
2eTIINIE=Y,
2e79503C=3,
6621LLE=D

6.2111L3E-9,
6. 2L11L83E~G,
1.58113E=5,
4.344313E-5,
heB4BL35=5,
‘)o E’Zi
Yet74

5.317756-7,
1.61 F=a4,
4.11522E-5,
50 E’Z'

1.127 E=3,
1."‘

«74H7
e 7467

74067

7067
07(’67

EC)
ARC MIN%
ARC MIN=*

rEETS

RPN LRI

Ye by
e =5,
2.5 E‘S!

4.59375c~4%,
2.254 =4,
27095030 =9,
2e79501F=9,
247950389,
6.2111L8E=-9,
6e21118R=09,
1.5311235=5,
4.H43135=5,
4.8649135-5,

3. E-'2,
lel27 E-3,
5.81776C=7,
lebl E~4,

4411522E-5,
80372 E"’"’

T YILOCSITY CRROR
VELOZITY *FPS3

TH

MFLACTTY #iPS+
VELUCITY (3408

Jgp
ViLNCITY

EEPS &

YEL3CITY

Y202

308’55\)[."“,

9 e E-b4y
295 T E=5)
205 C"S’
4,55375E=4,
2.2‘34 E"'I'Q
24795035 ~-G,
2 T77503E-9,

273503E=-9,
badlllBE-Qy
6421118E£-9,
6e21118E~9,

1.53113E-5.
HeH43135-5,
b.84313E-5,

Re372 -4,
Se8LTTHE=T
1-()1 E"'(Og

4,115225=5,
5,474 E=4,
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FAST TILT
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Appendix C -

PROFGEN: A Computer Program for

Generating Flight Profiles (Ref 11)

PROFGEN is a six degree of freedom flight profile gencrating
program that computes position, velocity, acceleration, attitude,
and attitude rate of an aircraft flying a specified route over an
ellipsoidal earth. It does not model the aerodynamics of the aircraft;
therefore the body coordinate frame is coincident with the coordinate
frame of the flight path. This results in the inability to simulate
maneuvers that require side slip, an angle of attack, ¢r crabbing
motion.
Four basic maneuvers are included in PROFGEN:
Climb or Dive
Coordinated Turns
Sinusoidal Heading Changes
Straight Flights

The aircraft may accelerate during any of these maneuvers. Flight

profiles are constructed by concatenating up to 50 of the basic maneuvers,

Different types of aircraft are represented by the rates and accelerations

specified for each maneuver,
The earth model in PROFGEN is an ellipsoid having values based

on the DOD World Geodetic System 1972. Gravity is a function of

both latitude and altitude with both radial and level components.
PROFGEM uses a fifth order polynomial to control roll rate.

The body frame gradually rolis up to thu maximuwn roil rate with respect

to the navigation frame, then gradually rolls out to the desired
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roll angle. For a given maximum roll rate, a smaller desired roll

angle produces a greater roll acceleration. In an effort to avoid

”abnorma11y high accelerations in rolling to small angles, PROFGEN's

maximun roll rate for horizontal turns, $H’ is

by = g1 - &™) (c-1)

vhere

po }
i

Normal Turn Acceleration in g's

Maximum Rol1l Rate

For low acceleration (small g) turns, only a small bank angle is
required and a lower maximum roll rate, through Equation (C-1), is
used to achieve this angle. For higher acceleration horizontal turns,
however, the maximum roll rate remains essentially unchanged as the
roll angle approaches 90 degrees.

The result of using Equation (C-1) and the fifth order polynomial
to control roll rate is that an arbitrary time constant is being
used to control roll acceleration which does not necessarily reflect
the dynamics of the aircraft. Calculations based on the aircrafts
roll time constant were added to PROFGEN to correct this problem.

Ro1l rate, ¢, is determined from

b= a1 - e ) (c-2)

where

5H= Maximum Roll Rate

it

1 Roll Time Constant

I

t Time

RIS TREOTE L 5 BRSO e o
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“Integrating (C-2) to obtain instantaneous roll angle, ¢, at time

t results in

$ = $M(t + re-t/T-r)

Substituting T B
gives
¢ = éth/Zt

Solving for t yields

. .05
t = !2r¢/¢M|

which is the approximate time necessary to achieve a given roll rate. It

is assumed that the same time constant 1, applies for roll out;

twice the time given in Equation (C-5) will be nceded to achieve a desired

roll angle.

Using the fifth order polynomial in PROFGEN, the time to complete

a roll, 2t, is given by
2t = 15¢/8$H
Substituting Equation (C-5) into (C-6) yields

. . 0,5
oy = 15¢/16|2r¢/¢M|

Thus, the maximum horizontal roll rate, éH’ will now be computed based
upon the roll time constant, r, for a desired roll angle, ¢, and maximum
roll rate, &M. This overall effect will be to change the slope of the
fifth order polynuvnial so that the body frame rolls out at the desired

roll angle at a time that is approximately {to second order) consistent
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with the aircraft's roll time constant.

It was felt that the four basic maneuvers were over]y restrictive,

‘especially for the fighter aircraft used in this simulation. Therefore,

PROFGEN was modified to include a fifth, roll-only, maneuver.

A listing of the necessary changes to the program is shown in
Appendix D. It was also necessary to modify the output of PROFGEN to
include roll rate, pitch rate, and yaw rate. These changes are also
included in the appendix.

PROFGEN would be a more effective flignht profile generator if
additional modifications were made. For the sine manecuver, initial
roll rate as shown in Equation 38 is not realistic. Also, fighter
aircraft seldom maneuver in just the horizontal or vertical planes.
Although PROFGEN has the capability to initiate turns from various pitch
angles, a more realistic manuever would be to initiate pitch changes
from arbitrary roll angles. Finally, the method of storing samples of
the flight trajectory data during the turn maneuver should be changed.
The rol) into and out of a turn should be sampled at a different rate
than the turn itself. Presently, in order to correctly sample the
faster dynamics of the rolls, computer resources are expended by

sampling the turn itself at a higher rate than necessary.
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APPLHDIX D
PROFGEN UPNDATE FNR ROLL ONLY MANFHIVER

EINCNT MORLOUT
I PROFGENLLIO)
CALL ETADOTUFTADNTZETAYONTZETAZDOT)
] AUGTB.S3
2yETAXDOT 4 TAYDITLETAZDOTY
¢] PRAOFGENLL724
WRITE(H9191) T)FFoTONy2MAX
#] PRAOFGENLLT7 41
WPITF(Hs101) TOFFsTONyRIHAX
L PROFGTEMLGYIT 48
ARITF(H4101) TOFF «TONSRAAX
] PRIOFGEN.L?55%
SRITed5»100) TIFF o T2N92MAX
S PRINFGEN.L764
101 FORHMATL{ 9K ¢ 1H45 JLLUP STAPS AT 9520, 10/745%,
E20HRNLL 004 STARTS AT 3G20410/954y17H4AX VL RATE IS +52)410)
*I PROFGEN.16LES
ESUIVALENCT (FIXCD(2)4R4DPRD)
] PROFGEN.L700
RMAX=IIHIRZI/TAIPRD
#[OUNT ROLLTYC
*] PROFGEN,L1HQ
eRHORZ=0.
%) APRADG9
IF (ITURNGFQ2) ROLANSIISEG)I=ATAMN(TACC(ISESY/Z42.2/7CA5CETAY(D4Y)))
IF (ITURNG=Qe2) TRTC=SN?2TLARS(2F4kTLU*20LANS(ISEG)/RI_RATY)
IF (ITUSHNLEND,2) RIHIRZ=ABS LS %L ANGIISEGI/ (Lo, %TRTZ) )
= I€ (ITURIN Qo2 ANDGRRHIRZJGT,ROLRAT) RPAHNORZ=IJLKAT
D) AUGT78.5
COMMON /P23LK/P23LK(L1%)
¢] APRBO.6H

FQUIVALENCE (PRRILK(LS5)+RTC)
2] AUGTH.H

C PRILKELS ) RTCs ®RILL TIME CONSTANT
D FERAQLTS
COMMAON /PITCH/PITCH(5C) /PRBLK/PRILK(1S)

] FEI8J.92

FOQUIYALENCE (PRULK{15)+37C)
¥l FER3IDL LD

24RTC
N AUGTAGb4

COY¥Hdu /PITCH/PEITOA(ED) /P~dLK/PHLLK({1%) /SEGLNT/SeGoNT ()
S AUGTA405

FAUIVALENCE (P<alX(L5).2TC)
AL OHIVTD e

2 RTC
£ MOV
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-

*] PROFGLN.168 o
T IF CITURNGED,S) TRTC=SOAT(ARS(2, 35 TC4RNLANGITISEG)/RI_RAT)) e

54,RTIC/0.5/
INCMT QOLL
2] PROFGEN.L28
COMAIN /RILANG/ROLANG{50)

IF (1TURNe=0¢%) RAIAIIZ=ABSEI e v JLANGOISEGI /(LA ¥ TRIZ))
IF (ITUSNGEQ2a90AND ¢ RRHIR 7 GTARIURAT) RQUIPIRL=RU_KAT
I (ITURN-Q.9) CAaLL TSTUPSITOUNE)
IF (ITURNGIT.5) TUINIUN=Q,
[F (ITUINLEQLHS) RRCOEF=4e1,
D PROFGENLLTA
GO TO (404509H60470980), ITURN
a1 PRDFGeN.222

OO0

FE 2OULL=-0NLY =ANEUVER Fxa -

oM

80 H=HL IMIT(T«TF4i{4sHMN)
CALL ALIM3(H,%xCAEF)
CALL KUTMER{MyT oXe4aF 9 MDEQERR ¢ HYX s 1)
IF (TeGrTIONY ) TRMOUN=L,
CALL OUTU(T TIZIPRNTLIRITELIPLNT)
IF (T.LTTF) GO TO 89
RETURN
3] PROFGEN.S4L4L
COnmaN /RILANG/ROLANG(SD)
x] PIOFGCEN,433
4 sROLANG/S0%G./
*1 FERH0.47
TFITURN(ISEG)YEQ.5) ASITE (64700) TEAMPS
#¥] FEBRQO.2V
COMMON /RID_ANG/ROLANGI(50)
¥] FEBRO.42
TEMPS=ROLANG(ISEG)/RADPRD
*1 FEHRO.HH
130 FORMAT(SXy 75HTHIS FLIGHT SEGMENT IS A ROLL-0ONLY MANEJVER 4I1TH A DS
S IRED CHANSE=IN=ROLL MF3Gl2.%99¢9H DEGELYS )
Y1 PROFGENLAE66
SUARNUTINE HLIAS{11,422C0EF)

Cs  HLIMS ADJUSTS THE SYSP SI1ZF IN A ROLL=ONLY ™ANEJVER
C#s SO THAT TAFE POGYAM WILL PAUSE AT TOUNE WAGA THz
Gt AIRCRAFT IS FINISHING A R0GLL-0MLY MARLUVER,

C
COMMIN /SUPLE/SUPLELLL)
C
FAOUIYALENSS (SUPLELL) T
ECUTYALENC (SUPLEA2 )4 TF)
fUUTAALENGT (SUPLT )y TOONY)
159
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TRANSFER T P2NPER SURISEGMENT
TF (TLLT.TIONE) 1) T 10
ITF (TaGELTOONTLANDLTLLTTFY GO T 20

SET RRCOFE AND LIMIT H IF NI CESSARY

CONTINUE

H=HCHOP (Hy Ty TDOHE )

RETUwAN

CONTINUE

RRCOEF=0.

TETURN

FND
PROFGEN.L1063

COMMUN /< I_ANG/RIOLANGISD)
PENFGENL1031

RULANGITII=ROLANG(T)*RADPRD
FERAD,D4

INTEGER RESTRTPATH(2) 9y TRNTYP{S5)4TJN
FEBRD,?S
F£EQ80,101

NDATA TRNTYP/4HVERT 34AHNRZy4HSINC s4rnSTRTy4HIILLY/
FFRB80.107

2+ ROL ANG
PRNFGEN.1263

GO TD (10420930410410)9 ITURN
FEXBO,77

COMMON /RILANG/<ULANG(50)
APRAQ. 36

COMMON /RNO_ANG/RIILANG{S50)
PROFGE™ML1448

IF (ITURN,EQ,S) GO T 20
PPOFGEHM.1469

ROLL RATE CNMMAND FOR A RULL=-JNLY MANEJVYZR
20)LHTC=0,
T1=TDNOWE-TI
TE=T-TI!
IF (RRCOVFLEDy¢l,) CILDTC= TLATES(T =TL)*(TE-TL)I/(T16%4)
RPOLDTC=ROLINTCH#STIGNLI L yROLANG(ISUG)) ¥LOH,¥RRH)RZ
RETURN
PROFGEM, L7790
SUAROUT [Nz TSTUPSLTDING)Y

PATOV T LALCH ®ILL=NLY #A4EUYER, TSCTUSMY Ca2UTES T T1Ax

AT WHICH Tife CHAXGE TN Ll anGLE SI0LL L0UAaL "YDLANG". IF

AN WMt 4 SUCH TIar I5 20 AGH De THE Myl Yy v [y JurPLeTe Ad)

THE 20LL WATE (5 5917580 0 TN St YIRS FLTO T,

COMMIN /5aprLe/sarey (1)
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— el - DU N US|
{ = o _ _ . == =
o s ST T
T3

E i
= ]
. COMMON /RO ANG/RILANGES0)
% i ClO=u0d ZFIRED/EIXCDELA)
: EQUIVALENCE (FIXEDE2) 4R ADPRD) &
] FOQUIVALENCE (SUPLEL2)4TF) e
1 FQULVALENG, (SOPLE (34T 1)
EAIIACEAG: (SUPLE(A)e 1550
, ESUIVALLNCE (SUPLECLL) 9 <RHU¥Z)
. =
DT=A3S{ (15 %2NLANGLISEG) I/ (B q%RHIL))
] TOONE=TL+NT f
: RMAX=32H0IZ/RADPRD E
WRIT: (hel)D) TOONTsIMAX .
T (TOONEGToFF) w2lTs (5,200) i

: IF (TOINE.GTSTF) TONAE=TF -

! 180 FRo=AT(2Xs47HTAE D2SIRIN CHANGE=T1-30LL IS AS-IEVED &T TIvz=, =
i £02C 1007 95Ks1544AK XILL 2ATL =,520.10) 3
' RETUM =

200 FORAAT(5K,y60HTHYE SEGYENT LENGTH IS N T LONG SNJUSH FIk ROL.) ¥
END i
£ PROFGEN.1323 3
IF (TURNCI)oLTel o024 TIANII)NWGTW5) TERK(LL) =1 2
2
2
%
E
3
]
% 2
-
é
: b
E
i
il
b
b
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Appendix E

Older generation strapdown laser gyro

and accelerometer model used in the

development of the truth and filter

ey IR SRR S LRI RNE it LA bl b

models in Appendices E and F. (Ref7)

[ | —
State Initial Variance (PTO): Driving Noise (Q,)
Basic INS 1 o T

Position Errors (1500ft)2 0
Velocity Errors (2ft/sec)? 0
Attitude Errors (0.5 mrad)? 7.6x10" M rad?/sec
Accelerometers
Bias (250 ug)? 0
Scale Factor Errors (500 PPM)2 0
Input axis misalign (10 arc sec)2 0
Correlated\Noise
T, = 60 min (40 ug)? 2p, /T
T, = 15 min (20 ng)? 2p, /T,
Gyros
Drift Rate Bias (9.09 deg/hr)? 1.47x10" 18rad?/sec®
' Scale Factor Error (100 ppM)? 0
! Input Axié Misalign (6 arc sec)2 0
1




APPENDIX F
SOFE SUARDUTINES FIR TRUTH MODEL

SUBRDUT INE AMENDCIRUNST o NFo NSy NXT o X9 XSy XTRAJ)
DLAENMSTON XE(NFEY 9 XSENS) 9 XTRAJINXTI)

CETURHM \
ENTRY AMENUD +
RETURN

END

SUBROUTINE ESTIX{IR
DIMENSION XF({NF) XS
2ETURN

ENTRY ESTIXO

2ETURN

FND

UNoT o MF ¢ NS MXTJ e XF 9 XS o XTUAJYNTRy ™ F)
(NS s XTRAJINXTI) 4 PF(NTR)

SHARNUTINE FOGEN(IRUNSTyNFyNSyNXTJ 9 XFaXSeXTR4J)
ENIFINZQyF4D) :

DIMERSTION XF(NF ) oXSINS) o XTRAJINXTIYFIHZF) 4Q({NZQ)
RETURN

ENMTRY FQGEND

RETURN

END

SURROUTINS HRZ(IRUNsTeNFgNSyNXTIyXFsXSaXTRAJINTRyPFy1IMEAS,
£4+HsRy ZRES)

DIMENSION XF{NE)gXSINS) JHINF) s XTRAJINXTI) 9PF(NTR)

RETURN

ENTRY HRZI

"RETURN

END

SUBROUTINE SNIYS(IRINGT yNFoNSeHNXTJyXFsXSyXTRAJ)

COMAON/SNATS/SOHSO(45), SOWS(13)SDNFO(L)
CORON/TCSYS/TAUS(A)DIST(4)
COMMON/TRICOM/REZGHDAEGAE9RKLyRK29RK3
DIAENSION XFINF)gXS(45) sXTRAJINKTY)

VOND=SARTIXTRAJ(B) ®22+ X TRAJ(Q) *¥x2)
DT=T-TILD
SRGT=SQRT(IT)

STNAEY=5D4S{2)*#5RDT
YS(7)=4S{TI+GAUSS(0.D2STNEV)
3TN0 V=5DAS(3)%5NT
ASC4) =450 +GAUSSI0,D5TOEY)
TNV =SDYS{A)25R0T
XS(D)=X5() +GAUSS(0.D»STOFV)
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100

STDEV=SDWS (5) «SRDT
XSELC)YaXSOIN)IrGAUSSIOL09STOH V)
STULVaSHWS (6 FIROT
XSOLL)=XSOLL)eGAUSS{O04STOEY)
STDEV=SOWS(7¥XSRDT
XSOEL2)=XSUL2Y+5AUSSIDGNWSTIEY)
STOEV=50NS(AIXSART(2. 80T /TAUSIL))
XSE25)=XS(29)+GAUSS(D405TOCY)
STOEV=SDWS{I)&SALT(2,.,¥DT/TAUS(2))
XS(26)=XS{26)+GAUSS(0.D+STIEV)
STREVaSDWS(LN)*50RT(2.%0T/TAUS(3))
XSE27)=XS{27)+GAUSS{DNSTIEY)
STOEV=SDWS(LL)#SARTL2.+DT/TAUS(4))
XS{28)=XS5(23) +GAUSS(D.O9STOEV)
STOEN=SDWS L2 ) 2S02TL2 50T/ TAUS(S))
XS{22)=XS(27)+GAUSS(D.0,4STDEV)
STUEV=SOWS{ 131 %#SQART{2.#0DT/TAUS(6H))
XSE3IN)=XS{INI+GAUSSID.D.STDEY)
STDAV=SDWS{L1a)%SART(2.#0T*VGND/DIST (1))
XSUa0)=XS(40) +5HAUSSIDD,STDEVY)
STIEY=SONS{ 151 eSUAT{ 2., *0T*VGND/DIST(2))
XS{42)=XS(42)+5AUSS(D.04STDEVY)
STDEV=SDUS (1A )¥SGAT(2.%0T*VGND/DIST(3))
XSU43)=XS{43)1+GAUSS(D.0,STDEV)
STOEV=SOWS{LT7)*SART(2.,%DT+YGND/DIST(4))
XS{44)=XS{44)+GAUSS(0.34STOEV)

EWTRY SHOYSO

TALD=T

RETURN

EnD

SUZROUTINE TRAJ(IRUMeTeNFaNSyNXTJ9XF 9 XS ATRAJ)
COAMON/TRICOM/RE 35 +IMEGAZEZRKLJRK242K3
DIMENSTON XFUINF)oX5{NS) s XTRAJINXTJ)

DIMCNSION TITLE(2D)

PETURN

ENTRY TRAJD

READ (3) TITLESTODAY,CLNCK
PEAD (3) IPRUFINSEGTHLLMECHSTSTART,ZVTOPHEADD,PITO,

£ ALFAD LAT JaLONO ALT I IPRNTSIRITE,IPLOTROLAATHLUNIT

AEAD (3) SEGLANT,RESTRT TURMINPATHSPACCyTACTHEND,
E PITHDTOIMINEIERRTZ4HAAKXSHMIN
I¥F (IRUN.GT.L) GO T3 LD

PIINTR," v
WALTE (69100) TITLESTODAYSCLAOCK
FOZMATILXy 7HTITLRE: 22004/ 1X 7THDATES  4ALD/1X 74T1InNe:

PRAINTw,™ [PROY: Y, 1P
PRINT® " NSEGT: "yNSEGT
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PRINT® " L _MECAI" LLMECZH
PRINT®M TSTART " TSTART
PRINV®," Y72 AR AR
PRINT® "™ PHTAIOI",PHEADD : : : 1
PRINT®" PITHCO:",PITD
PRIAT® " ALCFADD " ALFAD
POINTY o™ TPONT: "y IPRNT
PRINT»s"™ IRITZ: Y, IRITE
PRINTws™ _PLOT: ", I1PLOT
PRINT®,"™ RQOLRAT:"yRILRAT .
PRINMT%9"™ LUNIT: ",LUNIT

PRINTZ4" SEGLNTIM.SEGLNT 3
PRINT#," RESTAT MG RESTRT .
PUIaT%," TJRINT "y TURN
PRINT#4"™ NPATHI "™yNPATH
PRINT®4" PACC:  ",PACC
PRINT®," TACC: ", TACC
PRINT®," HEAD: ",HEAD
PRINMT*." PIT: ",PIT
PRINT®," OTO: ",NTD 4
PRINT®," M3DE: ",yNMODE :
PRINT®," ERROR: ", ERRQOR
PRINT#®,' HMAXD  "yHMAX
PRINT%4" HMAIN: ",HSIN

10 CONTINUE

o com bl

RE=20925640.
6=32.0881576
OMEGA=,72921151E-4
F=1./298.3

C STANDARD K VALUES ARE X1=3.E-2y X2=3.,E-4, K3=1l.E-6

C OPTIMAL X YALUES ARE K1=1,003y K2=4,17E-3y K3=4,39E~56

SR Y. 2. S

RKL=3.E~2
2K2=3.E~4
2K3=1.E~5H
RETUSN
END

dgrine e o1

i 2o Sl i i S

SUIRCUTINE USRIN

COMAUNM/SNDIS/SDWSD(45) 4 SORS{L1A) ySDWFO(L) ;
CAAMON/TCSYS/TAUSTA)HWDIST(4) i
NAMELIST/INS/TAUSHDISTySNUWSIySOWSySUWFD ;

PRINT® " ¢

PRINT#," XUL)  EAST LONGITUDE"
PRINT%," K(2) NC2Ti LATITUDE"
PEINT " <(3) ALTITUDE (uP)"

BN P
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100

PRINTE," X(4)

PRINT®," X(5)

POINTS 4" X(h)

PRINTE, ™ X(7)

PRINTE," X(1)

PRINTE," X(9)

PRIMT®" X(10)
PRINT#.4" X(11)
PRINT®," X{12)
PRINTH," ((13)
PRINTH" X(14)
PRINT®," X{15)
PRAINTH," X(16)
PRIATH, " X(17)
PRINT#4" X(13)
PRINT#," X(17)
PRINTS, " £(20)
PRINT®," X{21)
PRINT®4" X(22)
PRLINT#," X{23)
PRINT®s" X(24)
PRINT#,™ X{25)
PRINT®," X(26)
PRINT#," X(27)
PRINT#,m X(28)
PRINT#," X(29)
PRINT®," X{30)
PRINT#," X{31)
PRINT#," X(32)
PRINT#," X{33)
PRINT#," X(34)
PRINTH," ¥(35)
PRINT®," X(34)
PRINT®," X(37)
PRINT#," X{(33)
PRINTH," X(39)
PRINT% 4" X{40)
POINT#," X(41)
PRINT#4" X(42)
PRINT#," X(43)
PRINTE," X(44)
PRINT#," YU(45)

READ(S5,INS)

EAST vELACTITYY
NORT: VELOCITYY
VERTICAL VELOCITY" .

EAST ATTITUDH "
NORTH ATTITUDE "
Up ATTITUDE "

HYRN) DRIFT RATE "
GYRZ DRIFT RATE "
GYRL) DRIFT RATE "
5Y/Y SCALE FACTOR ®

GYRD SCALE FACTOR M
GYRD MISALIGHN AsQUT
GYRO MISALIGN ABIUT
GYR3 MISALIGN A313UT
GY) MISALIGN AB3JUT
GYRD MISALIGN ABIUT
GYR) MISALIGN A®DUT
ACCEL NONREPEAT BIAS
ACCEL NONREPEAT B8IAS

ACCEL 60 MIN 8LAS "
ACCEL A0 MIN 8SIAS v
ACCEL 60 MIN 8SIAS ™
ACC=L 15 MIN BIAS v
ACCEL 15 MIN BIAS ®
ACCEL 15 MIN BIAS *
ACCEL SCALE FACTOR v
ACCEL SCALE FACTIR "
ACCEL SCALE FACTOR ™
ACCEL MISALIGN ABDUT
"ACCEL MISALIGN ABQUT
ACCEL MISALIGM ARJUT
ACCEL MISALIGN ABJUT
ACCEL MISALIGN ASQUT
ACCEL MISALIGN A3QUT
BAQ PRES M

BAR SCALE FACTOR
CAST DEFL GRAVITY ®
NOR DEFL GRAVITY »
GRAVITY ANOQMALY ®

YEPTICAL ACCEL ERROR"

NN XX XN XN XN XN AN €KX N < XN X

GYRD SCALY FACTOR "™

WEITECHLIND) TAUSNDISTHSOUWSO4SNWS,SDWFD

ZETH-N

FOMMATI"LYS(/)TIO"FILTER MODCL

ENAYELIST [4S:

E//TI9"TIME COMNSTANTS, TAUS W

SITZ204H606G14.7

EL/T1a"CO22C L ATION OISTANGE, DIST ¥

M

"ACCEL NONREPEAT BLAS "

KX NN

DATA=HASE

"
”
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N

9

E/T20,4G14,7

E77T190SDAWS I
E7T70/7T20465G5144717T20436G14.7
E77T1165%35Dpwsn
E/30/T2045G1447)/72043G6L4.7
S27TLHSOAFR"

E/T20+1614.7)

END

SUBROUTINEG XFDIODT{IRUNTANF NSy NXTI o XF s XSeXTUALyNTR 92 =,X0D0T)

COMMON/ZTRJCDM/RE s GaOMESAI R RN 14 RK243K3
COMMON/SNOLIS/SOWSI(A5),SDWS(18),SD4FU(1)

DQTHEMNSTON XEINF) S XDOTINF) 9 XSINS) 9 XTRAJINXT I} 42 F(NTR)
XDOT(11=0.

RETURN

ENTRY XFEDOTO

XF{1)=0.

RETURN

END

SUBRQUTINE XSNOT(IRUNTyNFeNSyNXTJI9XFyXSyXTRAJHXDOT)
DIMENSION XF{NF)sXSINS) 9 XTRAJ(NXTI) +XDOTINS)

CAMMON/TCSYS/TAaUS(6)4D01IST(4)
COMAON/SNIIS/SDWS0(45) ySDWS{18) 4SDUWFOLL)
COMAON/TRJICOM/RESGHOMEGASEIRKLIRK25RX3

C 15 TRAJECTURY INPUTS FROM PROFGEN

RLAT=XTRAJ(])
PLON=XTRAJ(2)
ALPHA=XTRAJ(3)
ALT=XTAJL4)
20L=XTRAJ(S5)
PIT=XTRRAJ(S)
YAR=XTRAJ(T?)
VN=XTRAJ(})
Vez=XTRAJ(T)
VU=XTRAJ(LD)
FN=XTRAJI11)
FE==4XTRAJ(12)
FU=XTRAJ(L3)
DRIL=ATRAJ(14)
DPIT=XTRAJ(15)
NYAA=XTRAJ( 1K)

YOND=SART (Y NEE2 +VEE%2)
SLAT=SIN(QLAT)
CLAT=COS{2.AT)
TLAT=SLAT/OLAT
NMEGAN=(OMEGAYCLAT
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OMEGAU=OMEGA¥SLAT
SX=SIN(ROL)
CX=COS(ROL)
SY=SIN(PLT)
CY=COS(PIT)
SZ=SIN(YAW)
CZ=CNS(YAS)
ASA=SINCALPHA)
CA=CUS{ALPA)
SLON=SIN(RLON)
CLON=COS(RLOM)

RHO TS THE ANGJLAR VELOCITY 0OF THE NAV FRAME WRT EARTH

KHE==VN/RE
RHUN=VE/RE
RUQU=VE=TLAT/RE

WE=WN=WU ARE THE ANGULAR VELOCITY OF THE NAV FRAME WRT
INEQTIAL FRAME COORDINATIZED "IN THE NAYV FRAME (E-~N=U)

WE=RHOE
WN=RHIN+OMEGAN
WU=RHOUJ+IMEGAU

COMPONENTS OF THE 9 X 9 HATRIX

RKZ=VU/RE

PLAT2=2.%RLAT

Fa2=2 % {OMZGAN*VN+OMEGAURVU) «RHON®YN/ (CLAT%%2)
F43=RHOU%RHDZ+RHON%*RKZ

F44==-RHOE*TLAT=RKZ )

F52==2 ¥ IMEGANSVE-OHONYYE/CLAT*%2
F53=PHIN*R40U~RHOE¥RLZ
£63=2,%¥G/REZ=RHON%%2~PHIE*%2

FO2=aN¢RROJSTLAT

C TRANSFORMATION FROM NAV FRAME (E~N-U) TO0.80DY FIAME (X-Y=~7)

C

CXE=SZ#%CY

CXH=CZ%*CY

CxX\y=sY
CYE=SZ#SY&SX+LZ%CX
CYN=CZ¥SY#%#SA-SZ*CX
CYU==CY%S5X
C2e==CTHS+ST7%SY®CX
CZr=C1eSY40AeST%SX
C7U==CY%CX

TRANSFOOMATION FROA BODY FRAME (X~Y=2) TI} NAV FRAAZ (E-N=-U)
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CCX=CXE
CLY=CYE
CE2aCle
CNX=CXN
CNY=CYN
CMZ=CIN
CUX=CXU
CUY=CYJ
cuzZ=Czu

C SPECIFIC FIRCZ IN THE 30DY FRAME

FX=CXNRFN+ I XERFE+CXURFU
FY=CYNBFN+DYHEEE+CYU#FY
F7=CIN®FN+C2ESFE+GLU%FUY

C ANGULAR VELOCITY OF RODY FRAME WIT INZQRTIAL FRAME
C CNSRDINATIZED IM THE 39DY FRAME

AX=CXE¢WELCANC AN+ CAUXSU+DROL
WY=CYE*WE+TYNTWN+CYU=W)+DPIT
WZ=ClEXWE+D IN*YN+CIUNU+DYANW

X0OT(L)=XS{2)*RHOU/CLAT=XS{3)*RHON/ (RE*CLATI#+XS(4)/

E(RE*CLAT)
X0OT(2)=XS{3)*RHOE/REZ+XS(S}/RE
XOAT{3)==RCLe#XS(3)+XS(HI+XS(40) #¥RKL+XS{41)*R{LFALT

XDOTLA)=XS(2)¥F424XS(2) %F43+XS(4)¥=44+XS{5)2(wJ+OMEGAU)

E=AS{6) X WN+OMEGAN) ~XS(3)#FU+XS{9)*FN

E+XS(22) $CEX+XS(23)*CEY+AS(24)%CEL
FEeXS(29)%CEXY+AS(246)#CEY+XS(27) #CEL
ReXS(2B)¥CEX+XS(29) #*CEY+XS(30)*CEZ
E+XS(BL)*CLAPF L+ AS{BEY#CEY*FY+XS(33)*CEZXF2
F-XS(3Q)¥CEXRE I+ XSS RCEX*FY+XS(36)#CEY*FL
S—ASU3T)4CEVRFL=XS{33)*CEZ#FY+XS{39)#CEI¥FX+XS(42)

¥DOT(S5)=XS{2)%FS2+XS(3)#F53=XS{a4) %2 %%U=X3(5)%KZ
ReXS{OY*RHIE#XSIT)¥HU=-XS () *FE
E4ASL22)*CNX+XS(23)#CAY+XS(24)%CNE
E+XSC29)#CNU+X5(24) #CNY+XS(27)%CNZ
E4X5(28)2CAX+XS(29)%#CNY+XS(30)%CNL
ErASEILIFCNA¥EX XS I2) RONYH#FY+ XS (3B RONTHFL
X530 RCNLEET+ASEIS)eONARFY + XS (35 ) ¥ ONYRFD
AeXS{3TYRONYAFL=YS (33 ) CHIRFY+XS(39) o N2 EX+XS(43)

XDJT(h)*—XS%?)*?.*ﬂHEGAU*VE+XS(3)*(FSB-Q(Z)+XS(“)*2.*HN

F=AS{H)S2 DT =LS(7)HEN+XS(R)REFE
LeXSI22)TUX«XSL23)€CUTe XS(2A)%0U2
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10

FeXSE29) 0 CUX XS (261 #CUYSXS(27) %G1
EAXSE20)$CUCH L (29 R0 IY NS (D) %07
E¢XSUILIRCUCREX e XSIR2)SCUYIFY XS (134507 8FT
E=XS {38 $CUXYF 24 XS (IS SCUXEFY+ XS (30) 3CUY ¢F 7
L=XS{37)6CUYEFX=XS{TH)RCUZEFY+XS (3Q) $CULZ#FX
E4XSLAD)EK24XSLAL)XRK2EALT XS {44)

E=XS{4%)

XDOTL7)==XS{3I¥RHNE/RC=XS (S ) /RE+XS (3 ) xWU=XS(I)=WN
E+XSULO)ECEX ¢ XS (L) *CEY+XS{L2) ¥ CEL
EeXSULI)¥CuX X+ (S{LO)NCCY¥NY+XSULSYECEZ¥ W
E+XS{L16)¥CEXFIL-XS(L7IXCEX¥AY=-XS{LB}HEYRWZ
E+XS(LO) #CEYSUXEXS(20)XCEZENY =XS(21L) ¥ CET*WX

XOOT(3)==XS{2)¥DMECA J=XS(3)SRHON/RE+XS {4 ) /RE-KS (7) 44 )
E4XSUIIFRESLS (LD I HCHKP (S LI FCNY XS (12) #CNZ
EXSLLI)RONKRNXEXS{L0) 5CHY #HY e XS (15) ¥CNZ#Y L
4 XSLLO)SCNXFWI=KS LT ) CONXEAY=XS (18 )% CNY#4T
E+XS(LI)¥THYYXF XS (20)4CNZ#dY=X5(21) #CNZ¥MX

XDOT(9)=XS(2)%F92-XS(3) *RHOU/RE+XS{AIHXTLAT/RZ+XS(7)¢4N
E=XS(8) %4z +XS(LD)*CUX+XSILILY*CUY+XS(12)%CUZ
E+XSOL3)#CUX#uX+XSTLA) =CUYRNY+ XS{LSV£CUZHUT
E+XS{LS)FCUXFYIZ=XSILTI¥CUXEAY=XS{1BI*CUY=UWZ
E+XSULI)#CUYHAX+XS{20) *CUZRUY-XS (2L ) #CUZ*WX

DO 2 1=10,24
X0OY(I)=0,"

X00T(25)==XS(25)/T4US({1)
AD0T(26)==-XS{26)/TAUS(2)
XDOT(27)==XS(27)/TAUS(3)
X0OT(23)==XS(28)/TAUS(4)
X0N7{23)==XS(29)/TAUS(5)
XDOT(30)=~XS{30)/TAUS(6)

DO 4 1=31,39
XDOT(1)=0.

ADDTL43)==XS(40)¥VGND/DIST(L)

Xi07T(41)=0.

XPAT(42)==XS{42)2Y5Y/DIST(2)
XBOT(A3)==45{43)%VGND/DIST(3)
XNOT(44)==XS (44 )2VYGNDI/DIIST(4)
X2ITa9Y=XS{3)#RKI=XS(4N)¥RKI=XS(41) 4RKI*ALT
FETYIN

ENTRY XSDGTIO0

ND LD T=1445
XSCEI)=en AUSS (0. SDESN(T) )
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RETURN

.) (D))

TRUTH MODEL FOR PREVIOUS GENERATION INERTIAL REF SYSTEM

YPRNATA
NF=alya NS=6%9,
LPQYF=.T.1

TEF=1400.
LPRLT=¢F 0

ATPANT=1504y DTPYPL=1%4s DTNIYS=1540
LPRDNG=eF ey LPP el e slATI=164LXTImeTuy

‘=OOLPQXTJ=QTQQ_CC:OTQ.UTCCPL=3QYIPASS=SU)$

45%0 .,

120,

1,141,
090’0.

HINS TAUS(1)=35004+3H00403000,5900499U0,9700.

DISTILY=1519025.%,60761.0333460761.0333,3H4566.19,

SNYS0(1)=7,156823E5~-5,
9.557655~9,
.5E-39
4,36332E-7y
100.E~5,
2¢90883E-5,
2.908%3€-5,
8.05E-3,
1.283€-3,
6e44E~4,
500.5-5,

/e B4BLIE-S,
4.84313E~5,

50E+2, 3.5‘2, 803725-4,
50“7“5‘49 1.1275-39 105‘29
SOWS({1l)= 2.25 E-2y :
AaT71T779E=-5y B.T71779%=69 B471779E=b,
1.21243F-9s  14212435-9, 1.21243E=9,
1.283 E-3s 14238 €=3, 1,283 £=3,
belth E=hy bheb4 C=by hHob4 E~by
5e C+2e¢ 34372 F=by 5,474 E=b,
1.127 €-3, 1.5 Felos

SOAIWEN(1)=1,4%
cN1LAEHAKAT

140¢0430637,7447
29NeNe3437.70567

7.16823E=5,
9e55765~-8
05&-39
44346332E=-7,
L00.E~64
2.908313€-5,
2.9088RE=5,
B,05E=3,
1.28382-3,
6.44E'4!
500.5-6y
40843136—59
4.34313E=5,

1.5 E+3,
3.55765E~8y
OSE-BQ
44363326~7
160 .E~6,
2.908385=5,
2.920389E-5,
8.05E'3’
1.288E-3,
He44E=4
500.5-6y
4,343135=5,
4.843135-5,
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I3040491,
44304041
59090414
hedeol, ¥
70004343 7.7467
AeDeNeI432, 7457
CadeOsJaldfatat?
DaBaly 0,
TIME (4IN)
LONGITUNE ERROR
PNSITION *A2( MIN%
LATITUDE ERROR
POSITION *ARC M u*
ALTITUDE ERROR
ALTITUDE *FELT¥
EAST VELACITY ERROIR
VELDCITY %FPS*
HOR Ty YELICITY £220R
VELOCITY #FPS*%
UP YELOCITY £RROR
VELOCITY %FPS*
EAST TILT
TILT #ARC MIN%
NJTH TILT
TILY *ARC MIN#*
AZIMUTH ERQROR
AZM #ARC MIN%
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APPENOTX 6
;’ | SUFE SUBRRIUTINES FOR FILT‘R HRODEL

SUBRNUTINE AmENDIIRUNSToNFaNSyNXT )y X!QXSvXTK\J)
DIMIMSTON XFINE ) s XSONS) 9 XTRAJINATI)

RETURN

ENTRY AMENID

RETURN

END

SURRDUTINE CSTIX(IRUNGT o NF gNSoNATI s XFeXSaXTRAJINTR,P=)
DIMENSTION XF(NF) ,XS(ﬂS),XTRAJ(NXTJ),P (HT R

RETURN

EMTRY ESTIXO

ReTUIN

END

SUSPOUTINE FOGEM{IRUNST »HF yNSsNXTJyXFsXS s XTRAJ
ENZF o NLQsFy2F)
DIMENSION KF(NF)sXSINS) s XTRAJINATI) o FINZF) 2QFINZD)

COMMIN/TCSYS/TAUFL{A)+DIST(4)
COAMON/FENDIS/SOWFO(45)sQFIN(LE) »SDWSO(L)
COMMON/TRIZOM/RE 3G +IMEGASE yRKL 92K 29 2K3
COMMON/CL/OXEWOXNGCXIsCYEZCYNYCYUSCZEWCINSCZY
COMAON/C2/CEXsCEY2CEZ sCNLsCNY9CNZ 9 CUUXaCUYCUZ
CNAMIN/CA/SLATICLAY s TLAT«SXyCX9SYsCY9SZy0Z9SA9TAsSLONSCLON
COMMON/CS/ALAT s RLOMN  ALPHAJALT 4 ROLLIPITCHYyYAW S YNSVELZY )
COMAON/CAH/VGNDy DMEGAN<OMEGAU «RHOEJRHONSRHOUSRKZ
COMMON/CT/YEy W N e g W X9 WY 9nWZ
Cq1‘CN/C%/F42.F43,F4h.rbZ.F53,Fb3,r92
COMMON/CO/FXsFYoFZyFNsFELFU

AR

R OSSN

F(L1)=3HQU/CLAT &
F(2)==RHIN/(RE¥CLAT)
F(3)=1./(RE*CLAT)
F(a)=R40F/RE
FO7)=£42

Fle)=F43 : : !
FI9)=F44 ;
FL10)=0MEGAU+WU
E{11)=~0ACE5AN=YN
F(12)==FU
FI13)=FN
F(14)=CEX
FL15)=CEY

Flin)=CE2
F(l?)d X
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FL2O)=CEX
FL21Y=CEY
Fle2)=CLL
FL23)=CuX»rX
Fl2a)=(CRY%FY
FL2H)=Cuinl?
Fl2o)==CEX*FZ
R{27)=CEXERY
FL2R)=CEY®:Z
F{29)==CoY*FX
FL3))==CRZ¢FY
FEl1)=CCL+%~
"F{33)=F%2
F{34)=F53
Fi{ds)==2.%4U
F{36)==-K2
F{37)=RHUOE
F(35)=FU
F(29)=—~FE
F(a0)=CNX
F{4L)=CNY
F(a2)=CNZ
F(a3)=CnX
Ftaa)}=CNY
Fla5)=CnNZ
Fl46)=CNX
Fla?7)=CNY
F(43)=CN2Z
F(49)=CNX%EY
FI50)=CNY*FY
FI(S1)=CHI®*"1
F(52)==CNX*FZ
F{53)=CNX*=Y
F{54)=CNY*EZ
F(55)==CNY*FX
F{5A)==CNZ*FY
FI97)=CNZ¥EX
E(59)==2.¥0MESAUSVE
FLe0)=FH3=-2X2
FlhLl)=2,%WN
F{h2)==2.%2HIE
F{hnH)==FN
F{AS)=FE
Fleh)=CUX
F(47)=CUY
E(s3)=CUZ
F(hI)=CUL
F(70)=C1Y
F(7L)=CU?
F(72)=CUr
F{73)«CUY

173

T i AR L W ¢ e




L ——————— s ) A S

I et oo s T W

Fl?2a)=CU?
FAUIH)alyary
FL26)Y=CUYRFY
FLP721=CU2%=2
FL?79 ) ==(UXuFr2
FL7 ) =0Uxe=Y
FLR0)Y=0UYRFLZ
FI31)==CUY*FX
FLAL2)==CUZIXFY
FU31)=0UZ4%FX
FU25)=K2%=ALT
F{n7)==RHJIE/RE
F{29)=WU
F(UD)==dN
F(9Ll)=CEX
FLS2)=CEY
F{93)=CF2
FL9a)=0EX*dX
FII%)=CEY¥AY
E(96)=CEL*42
FIGT7)=CcxXsw/]
F(OR)==CEX¥WY
r(99)==CCY*4Z
F{LOG)=CEY®WX
F{101)=CEZ%MY
F{102)==CEZ4NWX
FILN3)==0MEGAU
F(104)==RHIN/RE
FOLOH) ==4U
F{1377=MHE
F(1lO08)=CnNX
F(109)=CNY
F(110)=CNZ
FU111l)=CNXeWX
F{LL2)=CNY%wWY
F{113)=CNZ%*\YZ
FI114)=CNX%4Z
F{LLS)==CNX*uY
FOLLG)=s=CNY¥WZ
FOLL7)=CHY®WX
FI1L8)=CNZuwWY
Fll1loy==ONZ%dX
F{12D)=F92
E(12L)==RAJU/RE
F(122)=TLAT/RE
CL123)=4N
F(124)==uig
FL125)=CuUX
F(L2h)=CRY
F{127)=CU2
F{L2n)=CUXEaX
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129)=CUY*NY
1R0Y=CUZ &My
131)=2CUXEHL
L3g)a=CUuxruy
FOL33)==ClyY w2
FULYa)=CUYHYYX
FLL3N)=CU2ewY
F{136)==JU2%4dX
FI137)==1,/TAUF(L)
FE132)==1./TAUFL(2)
F139)==1./TAUF(3)
F(la0)=-1./TAUF(4)
FL141)==1./7/TAUF(5)
Flla2)==)./TAUF(b)
FLL43)==VGND/DISTI(L)
F{144)==YGND/DIST(2)
FLla5)==VGND/DIST(3)
FULaAR)==VGLND/OIST(4)
FL150)=RK1%ALT
F{152)==RK3%ALT

F L
o
F I
F(

DO 5 TI=13.16
OF(I)=2FIN(TI)®VGND
RETURN

ENTRY FQGEND
DD 10 I=1,12
AF(T)=QF IN(T)
F{5)=1./RE
Fle)=1,
F(32)=1,
F{58)=1,
F(63)==1.
F{a4)=RK2
F(%06)=1.
F(R9)==1./RE
E{105)=1,./2€
F{L47)=RK3
F(l43)==RK1
F(149)=RK1L
FI151)==RK3
SETURN

END

SUSRAOUTINE HRALZ(OIRUNsTyNFaNS o NXTJaXF s XSy XTRAJGNTRPFHyIMEAS,
Mgt gR 9 IRES) » :

ODIMENSION XF(HF)9XS(NS) gHINF) 9y XTRAJINXTI)Y 9 PF(NTR)

RETUSN

ENTRY HRZIN

CETUYN

END [
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SURRDUT IN: SNOYSETRIN T oME g NS NYT I 4 3 XSy XTRAJ)
COMMUON/ZENITS/SOWFN{4% )+ QF INCL6)ySOWSO(L)
COMMUON/ZTCSYS/TAURLAS)Y W DTISTN)

DIMENSTON XFUNFYoXS{NST o XTRAJINXTI)

ENTRY SHUYSN

ReTURN

END

SUSROUTING TRAJUIRUNGT o NFaMS o NXT I X 9 XS XT2AJ)
COMMON/TRICTH/RE 3G QMEGA E9RKL9RKZyRK3

DIMENSTION XE{NF T aXSENS) »XTRAJINXT)

DIMENSIUN TITLE(ZM)

DJIMENSTINAN SEGLNTISI) yRTSTET(H0Y s ITURNLOO) 9 NP AT-I(50)42A2C(5D)
DIMENSION TACCIH0) «HEADLS0)aPFITIH0) »DTOLH0) 9MIDE(HD)
DIMENSTON ZRROI(E0) yHMAX(50) s HMIN(HD)

2ETURN

ENTRY TrRAJD

READ (3) TITLE,THONAYLCLOCK

QEAD (3) IPRO3«HSEGTWLLMECHTSTART,,VTOLPHEADD,PITO,
£ ALFAQSLAT I SLOMUOALT 9 IPENTy JRITEWIPLOTWPOLRATHLUNIT
READ (3) SEGLNTYRESTRATyITURMSMPATHZPACCHTACC,HEAD,
£ PITHyDTO»MIDESSRROR$HMAXSHMIN

IF (IRUNLGTL1) GO 7O 10

CALL PAGCON(44,1)
WRITE (6+100) TITLE,TDOAY,CLOCK
100 FORMAT(LX,7HTITLE: 420A4/1Xs7HDATE: 5ALO/1X,74TIME: ,AlD)

PRINT*," IpPRO3A: ",IPROA
PRINT=®," NSEGT: MGNSEGT
PRINTRa" L_MECH:",LLMECH
PRINT# 4™ TSTART (", TSTART
PRINT%," VTQ: "LVTO
PRINT®,'" PHCADD:I",PHEADD
PRINT*," PITCHO:I",,PITN
PRINT=4" A_FAO: Y,ALFAQO
PRINT#," IPRNT: ", IPRNT
PRINT#s" [RITE: ", IRITE
PRINT®," TPLOT: ",IPLOT
PRINT#," ANLRATI",R0LRAT
PuInNT*," LUNIT: "yLUNIT
PRIWNT=,™ M

PRINTH,"™ SEGLMT:"sSEGLNT
PIINT% 4" RESTRT ML, RESTHRT
PRINT®."™ TTURN: "LsITUBRN
PRAIMT L™ NPATH: "MeMPATH
PRINT=,"™ PACC: "WPAGLC
PRAIMT > " TAGCGS "y TAGG
PRIMTZ," HEAD? "eHEAD
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PRINT®," PITCHE "ePIT

pularty arod "7

PRINTS® " MODEE P yNMODE

PRINT®, " BRI MHERROR

PRINT® M HMAXE  "yilMAX

PRUNTHLM HMIN:  "aHMIN
19 CUNTINUE

RE=P2092564D.
G=172.084%1576
OMEGA=,T7292L1L51E~4
Fale/29863 ’
¢ STANDARD K VALUES ARE Kl=3ef=2s K2=3E=4y Ki=L.z-b

C NOTIMAL X VALUES ARE K1=1.003y €2=4417E-3s K3=44 3900

RX1=3.c-2

QK2=3-E”4

AKi=1.E-6 ,
PETURN

END

SUS?OUTINE USRIN : -
COMMON/FNOIS/SDHFO(45)sQFIN(lb);SDHSQ(l)
COHHUN/TCSYS/TAUFthioOYST(“)
NAMELISTIIQF/TAUF’DISToSDHF0,0FIN;SDNSD

PRINT#,™ "

PRINT®,"™ X{1) EAST LONGITUDE"
POINT#s" X(2) NORTH LATITUDE®
SRINT®," X(3) ALTITUDE (UP)I"
PRINT#," X{4) EAST VELOCITY"
PRINT#," X(5) NORTH VELOCITY™
PRINT#," X(6) VERTICAL VELOCITY"

PRINT%#,™ X(7) EAST ATTITUDE "
PRIMTH," X{(3) NORTH ATTITUDE M
PRIMT%," X(9) UP ATTITUDE n

POINTH," X(10)
PRINTH,™ X(11)
PRINT®,M X(12)
PRIaT#4" X{13)
PRINTH4" X(14)
PRINTH" X(15)
PRINT#4" X({16)
PRIMTHy" X(17)
PRINT#,™ X(18)
PULNTEy" X({17)
pRINTHy" K(20)
PRIMTH,"™ X(21)
pPRINTE," X{22)

GYRG DRIFT RATE "

GYRD DRIFT RATE M

GYRO DRIFT RATE "

GYRN SCALE FACTDR "
GY) SCALE FACTOR "
GYRD SCALE FACTOR "
GY®D MISALIGH ARDUT
ayan «I1SALIGN anduT
GYI0 MISALIGN ABIUT
Y20 MISALIGN ABDUT
GYIN MISALIGN ABOUT
YV MISALIGN AUNYT
ACCEL NONREPEAT 1TAS "

NN X XN XX N XX
< M XK N

e
~
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100

PRINT™,™ X{21) Y AGCEL NONVEPRAT BIAS ™
PQINT®,"™ X(24) 7 ACCEL NONREPEAT BLAS ¢
PRINTH," X(29) X ATCEL AD MIN BIAS M
PRINT® ™ (2A) Y ACCEL 6O MIN BIANS ©
PRINTX, " X(27) 7 ACCEL 60 MIN GLAS ¢
PRUINTH,™ X(28) X A0CEL 1% MIN HIAS "
PUINT®*," X({29) Y ACCHL 15 MIN 21AS ®
PRINT®,"™ X{30) 7 ACCEL 15 HMIN Blas "
PRINT#," X({31) X ACCEL SCALE FACTuR "
PRINTx," X{32) Y ACCEL SCALE FACTOR ™
PRINT®," X(33) 7 ACCHEL SCALE FACTOR ©
PRINT®," X{34) X ACCEL MISALIGN ABQUT Y v
PRINT#," X(35) X ACCEL MISALIGN A30UT 7 "™
POINT®,™ X{36) Y ACCFL MISALIGN AJXDUT X
PRINTH,"™ X(37) Y ACCEL MISALIGW Azqgur 7 00
PRINT*," X(33) 7 ACCEL MISALIGN AZJUT X "
PRINT®," X(39) I ACCEL MISALIGM ABQUT Y
PRINT=," X(40) RAK PRES ®

PRINT®,"™ X({al) 8AR SCALE FACTOR "
PRINT®," X{42) EAST JSFL GRAVITY "
PRINT®,"™ X{(43) NORP DEFL GRAVIFY ®
PRINT®," X(644) GRAVITY ANOMALY
PRINT®*," X{45) VEITICAL ACCEL ERROR"™

READ(S, INF) ,
WRITE(551033) TAUFSDIST SOWFQ.CFINWGSOWSO
RETULN

FORMAT(M"™L"S{/)TLO"FILTER MODEL DATA-3ASE
ENAMELIST INF: M
S//TLS"TIME CONSTANTS,
£7T20460G14,7
E/7TLIS5"CORRILATION DISTANCE,
6/T2044G14.7
£//TLS"SD&4FIY
Ef70IT204+651447)/T20,3G1L4.7
£E//TLS"OFIN"
E/30/T20+506L4,7)/T2043G1L4.7
E//7TLS"SDASOY

R/IT20+GLl%.7)

END

FROY
TAUF

pIst v

SUBRCUT INE
COMHON/TRICNM/RE 9G04 EGA s RK1HPKZ2HRK3
COMMON/ENDLS/SOWFUI49 s QFTA(LA) sSOMSI (L)
DIMEMSIOH XFUINF o XDOT(AMFY) 9 XSINS)I 9 XTRAJ(NATI)
YDLT(1)Y=0.

FETUYRN

FNTRY XSNNTO

XS(I)“\ .

RETURN

£HD
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SUARNYTINY CEYOTLIRUN G T o MFaNS NX TS (F 9 XSeXTTAISNTR =4 XDOT)
DIMENSION KF{NF)oXSENS) o XTPAJINYTI) 9 XDOTINS)yPFINTR)

COMMON/TCSYS/TAUELA)SDNIST(4)
CUMMON/ENOTS/SONENLAG )y NFTHIL6) 9 SOWSILL)
CUMMIN/TRICA/RE g G DEN AL 9K Ly RKZ 94K
C(.]"‘.'"xl""/(:l/('.‘/(‘.:vC,’(‘\HCXUvCYi‘oCYNaCYUvC/’.E‘1CZHOC7.'J
COMMUNZC2/CEXSCEY s CEZWCNX9CNY sCNZ W CUXSCUY 43T
r‘.ﬂ'-f“«UN/Cé/S!-AT.CLATJL;\.r,SXyCXqSYyCY,SZ-.CZ.S;\;CA,SUN,CL[]N
Cf_]"‘.‘"\L]"‘/CSIQLi\TaQLO‘J’/\LPH;\y!‘\LTvQULLvP[TCHqY.‘\ﬂ'ﬂ/‘quEsVU
COMMAN/CEHE/YOHDSOYEGANy OMEGAU $RHOE 3 AHAN RHOU 9 KL
COMMIN/CT/ wiigWdN g g WL a WY g U/
COMMON/CB/FG23F034F404752sF534F53yF92

COMMIN/COH/FXsEY yFZaFNsFESFU

C 16 TRAJACTORY INPUTS F204 PROFGEN

RLAT=XTRAJ(1)
RLAN=XTRAJLZ2)
ALPHA=XTRAJ(3)
ALT=XTRAJ(4)
ROLL=XTRAJI(S)
PITCH=XTRAJ(SH)
YAR=XTRAJ(T)
VN=XTRAJ(H)
VE==XT2AJ(T)
VU=XTRAJ(1D)
FN=XTRAJ(LL)
FE==XTRAJ(L2)
FU=XTRAJ(L3)
NROLL=XTRAJ(14)
DPITCH=XTRAJ(LS)
DYAU=XTRAJ(16)

VGNN=SORTIVYNER2+VER®2)
SLAT=SIN(RLAT)
CLAT=CUSIR_AT)
TLAT=SLAT/CLAT
NMEGAN=OMESA=CLAT
NDHMEGAU=0MESAXSLAT
S3¥=SIM(ROLL)
Cx=Cus{e0LL)
SY=SIN(PITCH)
£Y=CUS(PITCIH)
52=SIH{YAW)
Cr=CaS(YAA)
SA=SIN(ALP-A)
CA=COSTALP-HA)
SLOM=SIN{RLON)
CLOM=CIS{R_OM)
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C

c

C

c

RHO TS THE AWNGJLAR VELOCITY 0OF T8 NAV FIAME WRT DARTH

RHDE==YN/RE
RH{IN=VE/RE
PHOU=VZ*TLAT/RE

WE=WN=WU ARE THE AMGULAR VELOCITY OF Tt MAV FRA4YE WRT
IMERTIAL FRAME COORDINATIZED IN THE NAV FRAME (E-N-U)

WE=RH(OE
AN=RHONSOMEGAN
Wi=RMOUJ+0OMEGAY

COMPONENTS OF THE 2 X 9 MATRIX

QW7 =VU/RE

OLAT2=2, %R _AT

Fa2=24% (DAL GANEVN+IIEGAUSVUY +RAONEVN/ (CLAT®%2)
Fa3=RHIUZANE + QHON¥RK Z

F44==2HOE*TLAT=RKZ

F52==2 4 #OMEGANSVE=RHONEVE JCLAT#%2
F53=RHON¥240U=RHNE*RLZ
FH3=2.86/E~RHINS#2=2HDE#%2

C92=WN+RHOUTLAT

TRANSFORMATION FROM  NAY FRAME (E~N=U) T9 BOOY FRAYE (X-Y—-!Z)

CXE=SZ%*CY
CXN=CZ*CY

CXU=SY
CYE=SZ*SY*SX+CZ%CX
CYN=CZ&SY#*5X=SZ*CX
CYU==CY#*SX
CZE==-CZ#SX+SZ#SY%*CX
CIN=CZ*SY¥*2X+SZ#%SX
CIU==CY%CY

TRANSFORMATION FROM BONY FRAME {X=Y=7) TO NAY FRAME {(E=N=U)

CEX=CXE
CEY=CYE
Cel=C7¢
CHNX=(CXN
CMY=CYN
CoZ2=0GZN
CUX=0X1}
fuUY=0CYJ
cuil=Cluy

SPECIFIC FNRCT TN THE QODY FRAME
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FX=CYNTYEN MNP XE L+ O UERY
EY=sCYNs N e QYRR L OVUNRY
FI=CINSENeL2E#FE«CIUREY

COANOULAR VELNDITY 0OF BUNY FRAME weT [NERTIAL FrRAME
COCNARDINATIZED IN THE JJ0Y FRAME

WX=CXEEAE+DXNR4N+CXUR4U+DROLL
WY=CYESAE+DYN#=WN+CYUEWU+DPITCH
WZ=CZL# LS IN=AN+CIURAUCDYAN

XOOTLLY=XF{2)#2AHOU/CLAT=XF(3) %¥RHON/ (REXCLATY¢XS (4)/
ELRERCLAT)

XDOT(2) =XF3)1%RHIE/RE+XF(S)/RE

XOOT(3) ==L XF 3 #XF(H Y+ AR (A0)FRCL¥XE(HL) #RKL#ALT

XOOT(4)=XF(2)%F42+ 0 3) € F43+XF(4) % 444X (5 ) ¥ (dU+OMEGAU)
R=XF (6) (N EG ) =XF (B)%FU+XF(9)#FN
FeXF(22)%CEX+XFL23) 4CREY+XF(24) «CEY
E+XF(25)%CEX+XF(26)4CTY+XF(27)#CEZ
EeXFI2B)ECEX+XF(29)#CEY+ XF (30)%CEL
E+XF{IL)*COXEFX+ AP (32) #CEYREY e XF (33) #CEZHF ]
E=XF(34)%CEXSFZ+XF(39) 5 CAXEFY+XF (36 ) *CEYHF L
E=XF{37)4CEY#FX=XF(3d)4CETHFY+XF (394 CEZHF X+ XF(42)

XDOT(S)=XFU2)#F524XF () #F53=XF(4)%2 . #WU=XF (5) %KkK7
E+XELHYECHIZ e XF{T)KFU~XF (9) *FE
E+XF(22)#CNX+XF(23)%CNY+#XF(24) *CNZ

E+XFL25) % CNX+XF (26) *CNY+XF (27 )#CNZ

E+XF(23) #CNX+XF(29) 2CNY+XF(30) ¢CN2Z
E+XF(3L)#CNX*FX+XF(32)#CNY#FY+XF(33)€CNZ¥F2
C-XFU34)¥CNKFFZ+XF (IS ) XONKFEY e XF {36 ) #SNY$F2
E=XF(37)HCNY=FX=XF(38) ¥CNZAFY+XFL{39) “CHZEFX+XFL143)

XDOTL6)==XF (202, #OMEGAUSVE+XF (315 (FH3~2K2) +XF (4) %2, ¥WN
E=XF(5)%2,6AHAE=XF (7 ) EFN+XF (2 ) #FE

E+XFL22)#CUX+XF{23) 4CUY+XF(24)%CUZ

£+ XF(25) %CUK+XF(24) %CUY+XF{27)%CUL

E+XF2BYECUK«XF (29)%CUY+XF (30)4CUZ
E+XE(FL)#CUX#FX+XF(32) %CUYHFY+XF(33) 5CUZ4F]
E=XF(34)#CUXEFZAXF{35) #CUKIFY+XF(36) % CUYHET
E=XF(37)%CJY*FX=XF{38) #CUZFFY+XF(39) 5CUZFFX

EAXE(AD) VK2 e XF (L) #QU2FALT +XF (64)

E-XF(45)

MNOTI?) ==XF(3VEARNUNT/ A6 XF()/RE+XF (] HRU=XF () &WA

EeXFOLOIRCaUeXF (LYY #0EY XFLL2)HCHE/
L4XFAL3YECSA=INeXECLA) 70 - JERY+XIF(LD)Y SO %W )
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E+XFULIO)RCUXWI =X (L7)RCEX Y =XF (1Y) xClYSW Y
EeXFLLO)AOEY UKo U ( 20V 00 JbdY =X (2)) O 7 %u)X

XOOT{8) == (215 OMIGAY=XF (3YSCHON/ W v LF (4 ) /RE=LE (7 ) %49
EaXBF(I) el e XFOLO) YO eXF (LUYEONY e XF (L2) #CNZ
E+XF L) 20X e XF L) el YWY eXF{LD)2ONT EW ]
EaXFUIn) S0 ed/ =x (L)Y SCNYURWY =XFLR)EONY "W/
EdAE L) SCNYRNX e P (20) 50N Y =X (210) ¥ON7*WY

XOOT(9) =XF(2)%F92=XE{3) #RHNU/RE$XE (4)$TLAT/RE+XKF (T7)4dN
B=XFUn) 84t KF (L) 2CULXE (1L 2CUYeXF (12) %502
EAXE(L3)ACIKSAXFXE (LAY CTUYHIY+XF (L5 ) 50U 2442
E+XF (LRI CUXELL=YFLLTIECUXCHY=XF (1) %QUYHMZ
EHXFULY)CUYEMX e KF{20)5CU7H9Y=XF (21 *CUZ¥ UK

00 2 I=10,24
ADO0T{IV1=0.

XDOT{2HY==XF{25)/TAUF(L)
XOUT(2h)==LF(20)}/TAUF(2)
XDOTL2TY==LE(27)Y/TAUFLD)
XDOT(243) ==xXF(23)/TAUF(4)
XOOT(23)==XF(29)/TAUF(5)
X0O0TL32)==-XF(30)/TAUFLH)

DO 4 I=31+39
XDOT(I)=0.

ADUTIAD)==XKF{40)%VOND/DIST(L)

XD3T(41)=0,

ADIT(42)==XF 42 )%VEND/DIST(2)
X03T(43)==XF(43)%YGND/DIST(3)
ADNT(44)=~XF(4a)¥VGND/DIST4)
ADDT(45)=XF(3)%RKI-XF(40)%QKI=XF{A4L)#RKI*ALT

THRER AXIS RLG FILTER MODEL

RETURN

ENTRY XFDOTO

RETURM
END

IP2IATA
NE=5, stly TF=1_100009 r)TPRPL’lb.’ MXTJ-’I()! LPP”.T.’
9782152y NID=1%y LOWKAS=,F.y LPRUF=,Tsy LPALT= Fas L29¢DG=4T.,
LdTJ=,aTey DIPAMT=19504 M=y LPRAXTJY=,Ta4,
L":C:'TI")TCCPL:SOQS
e 7 le 3, Le 4y 2y 3 2y 9
310 Dy hy 24 Hhy 3y ty Ny ey 5o
he he b4 3, by F9 N2 G423,
VAR Hhadb s e 2lry hyl T G028,
el Ve 4430, 4931, hydd g 33y
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44934, 4435, he Vb, by 37

4437, Yahdy 2y
Sy Y Ye hy LI

Dy Ye Ty

Ty 99 Ty

H5923, Selby Y25 Secby
99249, 5929, Sy 10 9931
5933, Dae iy e 3Dy 936
5e¢ 3%, Held9, e IR I B e 70
by 4, by Do Hehthy by T
be?22, H92 3 He24y £925,
6927 heldy by2, 6930
6932 6433, by Ja, 6335,
5937, 5438, 6937, 6940

684y Ty 3y 7

eI Ty By

T+10, 7s11l, Tey12, Te13,
715, 7+lo. T+ 17, Teyl3y

7420, T+21, q

2y By 3y

By 7o Ry Yy Bs 10, Baellys
J+13y Yy Ly 9159y Fylby
1y 1, BylGs 920, 8421

9' 39 "}9 (0’ r)’

Te T4 3,

Gell, Gel?2 Del3, G914,
9slb, D917 Ts18, Fe19y
Je21ls 294259 26925y 27427
294299 300430y 4049404 42,42,

4449444 454 3, 3,
“59409 (059‘0].

7+ 79 85 89 I,

3, 3440

9y 10410,

Llelly 124129 254259 26926,
23428y 2949299 33430y 40440,

439434 44,40,
1*0.
45%0,

19145.1323%5E-9
2423541323569

’ 919?.?5{."()
9499.1343H5~-15
59599613446E~-15
Heheal13436E-15
Try7ye25r=6
"'oQO.P_GE-()
JeFes25F=6
10«1041.,933858=-113
1151141402456 ~13
126125 1490345E-13
13e1l3yleti=Y
T49l4elet-4
19941%e1ek~23

/09‘;"1
1y hy
922
9927
5932,
Ye37s
He 3y
f)y 8,
hralbhy
b5931
he3bhy
b4l
Ts 9y
7,1/4’
7y13,
Ay by
Be12,
3417,
9y 29
J910,
9915,
9420,
23928,
43443,
3,541,

27927,
424942,
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Ihelha B840 HE=10
Fral 7480606104010
1041343485109 ~10
1991948 401 9AE=-1)
20470 a0 LNA8E=-1)
Cle21 40,451 0800=10
229 h e 4d025 L=
2332345408025
28424835 03025E-9
2512541658946 ~6
2H37A51 065804 ~6
2722741l ab65494E=6
23432844 41473HE=-7
C42044,167360=7
333094 ,14736E=-7
J193162.56=7
7?.]2 02 -i.ir"7
EEERE XA L
T443442,350438-9
3943592350436 ~9
34934552 .3%043E=-9
17+37¢2.35043E-9
312,39,2.35043E=9
3943792«35043E-9
4094092 e5E¢5
41404149 .C~4
4242497 4030903E=7
4398342 990646E-7
hbah441427012E~6
45404541 .E~4
0'070.

~SINF TAUF(1)=35004436004+36004930045300.,90043

BIST(1)=1517025489503761.0333,A0761.0333+354565K419,

SPWFO{L)=7.1h6823E~5,
Ve DTHH5E—-3,
«5E=-3,
4436332E~7,
10056y
Z2eM0833E-5.
2.90833F=5,
30055‘39
Lad3E~3,
hottOFE =4,
00 6%=0y
Ha3HBLIE=H,
he3W3L13E=H,
Sefi#2,

Tal6823¢=5,
G959 T765~8,
«HE=3,
63063326 =7
100 ¥ =Hy
2.7034RE=5,
245NABARE~S,
4.05E=3,
1e23E=3,
OeByg¥ =44
500 . K=k,

Ne BGARLTF =%,
he MNHALAE =5,
Jetim=?

1.5 5*31
Ga5576491~8y
D=2y
4,3603320-7,
100 . =6
209088815,
2490883 ~0,
4.05i:=3,
ledd8=3,
Haltht =ty
BN aii=lsy

Yo BGG L =6,
4,84913 -5,
Be3720-%
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SeftTalt =4, lell2Th =13, Lebi=2,

DEIN(L) 274hF =11y TofhE=11l, TehE=11l
o0 =18y Lot?8=10y 1o678=11y :
9.216355=10y Y 21615E=10, 9.216356=-10,
B2 LATSE. 0. Y 21A350 =10, 9, 216355=10,
CIPOYSHY, 2.30708FE =01y 94803 L2E=12,

e N INGL =12y

SOYSOL1)=1.4%

1.

Dalsla3437.74967
Nalde?2s3637.74467
TeTalgl,
DIREEIPE Y O
Ne54541,
”w‘)ﬁflcl [
Na?a7+3437.,7467
l)v;‘qi’.’.j[*}?l?qb?
N39+¢743437.7467
0,09“900
TIME (SEC)
LONGITUDE ERRDOR
POSITION #ARC MIN®
LATITUDE ZRROR
POSITION #ARC MIN¥
ALTITUDE =ZRROR
ALTITUDE *FEET=
EAST VELIDCTITY ERROR
VELNGCITY %EpS*
HH3E Hilghi by FURAR
VELOCITY *FPS#*
Up VYELOCITY SR0OR
VELNCITY =FpSx
EAST TILT
TILT *ARC MIN%
NORTH TILT
TILT *ARC MIN¥
AZI#UTH EIROR
A4 ARG MIM%

s e aoryrt

T a Ty
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3 Appendix H
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ERROR + AND - SIGMA, S0 RUNS, COMBAT, ONLY X(23)-X(55)

Q

na2
Il

\

8.0
|

LONGITUDE ERROR (ARC MIN)

nl
1

T,
Nw...‘\

0.2

L A T LA AN S U AJ L\ 1
0.0  100.0  200.0  300.0 400.0 .0  600.0  700.0  edo.0  $0J.0  10G0.0
TIME (SEC)

Pigure H-1. Longltude error state from accelerometer noige
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ER%PR + AND - SIGMA, S0 RUNS, COMBAT, ONLY X(231-X(55)
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EAST vaLOCITY ERROR (FPS!
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ERROR + AND - SIBGMA, S0 RUNS, CDﬁBHT, ONLY X (23)-X(55)
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I'ipure H-3,

East vel., error state from accelcrometer noise

ERROR + AND - SIGMA, SO RUNS, COMBAT, ONLY X(231-X(S5)
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ERRUR + AND - SIGMA, SO0 RUNS, COMOAT, ONLY X(23)-X(55)
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Altitude error state from accelerometer noize

ERROR + AND -~ SIGMA, S0 RUNS, COMBAT, ONLY X(23)-X(55)
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( ERRCR + AND - SIEMA, S0 RUNS, COMBAT, ONLY X(23)-X(55)
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rigure H-7. East tilt error state from accelcromcter noise
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